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FOREWORD

This report was prepared by the Research Triangle Institute,
Research Triangle Park, North Carolina, on NASA Contract NASr-222,
"Feasibility Study of Piezotransistor Accelerometer". This work was
administered under the directions of the Instrument Research Division
at Langley Research Center by Mr. John Olivero and Mr. Charles Hardesty
and of the Office of Advanced Research and Technology Division at NASA
Headquarters by Dr. Woltgang Menzel.

This study began in June 1964 and was concluded in October 1966.

The present report covers the period from September 1965 to October

1966. It was performed by the Solid State Laboratory of the Research
Triangle Institute under the general direction of Dr. R, M. Burger.

While Dr. J. J. Wortman was the project engineer, the entire technical
staff has participated to some degree in this effort. Specific credits
are due Dr. J. R, Hauser, P. P, Rasberry, R. R. Stockard, H. L. Honbarrier
and A. D. Brooks for their invaluable contribution in this investigation.
Thanks are also due Mr. T. 0. Finley at the Langley Research Center for

his aid in testing the accelerometers.
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Section I

INTRODUCTION AND DISCUSSION

The purpose of this study has been to determine the feasibility of
utilizing the piezojunction effect as the sensory phenomenon in accele-
rometers and other transducers. The present report covers the second
year of study. The major features of the piezojunction phenomenon were
reported on in the first annual report in September 1965 (hereafter
referred to as I). The results reported there will not be repeated in
detail here. The reader is, therefore, referred to the first annual
report in order to appreciate the total results of this study. Although
the present report considers some of the more fundamental concepts of
the phenomenon, it is primarily concerned with the applications of
the phenomenon and in particular the development of the silicon needle
sensor.

As shown in I, large mechanical stress applied to the junction
area in silicon and germanium p-n junction devices can cause large
reversible changes in the electrical properties of the devices., 1In
diodes, the junction current, at a constant applied voltage, can be
made to increase by orders of magnitude. 1In transistors, stress causes
a large decrease in gain. Four-layer switches experience a decrease
in break-over voltage with stress.

The effect of stress on four-layer switches has been considered
in some detail since it is particularly attractive for use in trans-
ducers which give a digital output as shown in I.

A theoretical discussion of the effects of mechanical stress on

the electrical characteristics of p-n-p-n diodes is given in




Appendix A. It is shown there that if the total junction area of
the switch is stressed, the break-over voltage decreases. If only

a small region of the switch is stressed, the break-over voltage can
increase. Both of these effects have been verified experimentally,
however, due to the complexity of the problem, it has not been
possible to make any meaningful direct comparison with the theory,.

A pressure transducer based on a p-n-p-n switch in a relaxation
oscillator is discussed in section 4.4.

Although direct stressing of a four-layer switch is desirable
in many cases, the same effect can be obtained by using a stressed
diode to bias the gate in commercial four-layer switches. Relaxation
os :illators based on this principle are discussed in Section V.

The effects of mechanical stress on the breakdown voltage of
p-n junctions is discussed in Appendix B. (Appendix B is a copy of
a paper published in the September, 1966, issue of The Journal of
Applied Physics.) It is shown there that the breakdown voltage of
silicon diodes is reduced by mechanical stress. The sensitivity of
the breakdown voltage to stress is much smaller than for example the
current in diodes, The relative change in breakdown voltage is

given by

& 1071? cn?/dyne) o , 1.1)
B

where o is the magnitude of the applied stress. The effect is shown
to be independent of crystal orientation. 1In germanium, the effect

is a much more complicated function of the stress. For low stress




levels AN/VB increases while a large stress level gives a decrease

in AN/VB.

To date, the effect of stress on the breakdown voltage has not
been exploited in any transducer applications. In order to utilize
the effect, one need only bias the diode to be stressed in the break-
down region. 1If the voltage is held constant across a device which
has a hard breakdown, a small change in the breakdown voltage will
result in large changes in the junction current. Since the breakdown
voltage of p-n junctions is relatively insensitive to temperature
changes, the use of this mode of operation in p-n junction sensors
could prove very fruitful.

Due to the large stress levels required to cause the piezojunction
effect, there have been only two methods used to stress the junctions
in transducer applications. The first of these is to couple the
mechanical stress to the desired junction area by means of a diamond,
sapphire, or steel needle or indenter. This method was the first to
be used and has the attribute of allowing complicated junction devices
to be stressed. Some applications which utilize this method are des-
cribed in the following sections of this report. The second method
for applying the large stress levels was developed during the present
study and was reported in I. This method is the inverse of the indenter
method in which the p-n junction or junctions to be stressed are formed
on the apex of a silicon needle (silicon needle sensor). Much effort
has been placed on this approach and its use in transducers during the
past year of study. These results indicate that the approach is sound

and it shows great promise for use in a variety of transducer applicationms.



A variety of transducers and configurations have been investigated,
however, the major emphasis has been on the demonstration of the use of
the piezojunction sensor in accelerometers. A dual diaphragm accelerom-
eter which uses a silicon needle sensor has been developed and tested.
This accelerometer can be made to operate over a large range of
accelerations with both ac and dc. It is insensitive to cross axis
acceleration and can have rather large resonant frequencies.

Methods for achieving digital outputs in piezojunction sensors
have been considered as well as analogue outputs. Since the piezo-
junction sensors are, themselves, solid state devices, they are, of
course, ideal elements to use with conventional microelectronic
techniques.

Included in Appendix C is a copy of a paper which was published
in the August, 1966, issue of the Journal of Applied Physics which
describes the effects of mechanical stress on the generation-recombi-

nation current in p-n junctions.




Section II

SILICON NEEDLE STRESS SENSOR

2,1 Introduction

It has become evident during the course of this study that the
"semiconductor needle'" approach to utilizing the piezojunction phe-
nomenon in transducers has many advantages over other known methods.
In this approach, the sensory junction or junctions are formed on
the apex of a semicouductor ieedle as shown in Fig, 2-1., The apex
of the needle is pressed against.a smooth hard surface to create the
desired mechanical stress in the junction or junctions. The magni-
tude of the mechanical force on the needle causes the electrical
characteristic of the junction or junctions to change resulting in
the desired transducer action.

The electrical and stress characteristics of needle transducers
not only depend on the quality of the p-n junctions but also depend
on the geometry and surface roughness of the needle point. In order
to fabricate, in a reproducible manner, needle sensors, one must be
able to control the needle geometry. Work on this phase of the
present study has led to the following fabrication techniques.

The needle sensor is formed by: (1) fabricating the desired
silicon blank (rectangular rod), (2) cleaning the blank, (3) electro-
etching a conically shaped point on the blank, (4) cleaning, and

(5) forming the p-n junction or junctions on the apex of the needle,

2.2 Needle Fabrication Method

The first step in the needle fabrication process is to form the

needle blank. The blank is a rectangular bar of silicon approximately

(5)
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Fig. 2-1. A Sketch of the Silicon Needle Diode Sensor.




1/2 inch long and 20 mils on each side, The dimensions of the bar
are not important with the exception that the sides must be very
nearly equal (square perpendicular to the axis)., If the rod is not
square to within 1/2 mil on each side, the resulting needle tip will
be wedge shaped and not conical as desired. A round rod is more de-
sirable than a square rod, however, experiments have shown that the
square bars are acceptable.

A cleaning process similar to that used commercially in the pro-
duction of semiconductor devices was modified and used to clean the
silicon starting blanks in ordervto insure proper etching. This
process in step form is as follows:

(1) Ultrasonically clean in TCE for 2 minutes.
(2) Rinse in TCE.

(3) Clean in Acetone for 5 - 10 minutes.

(4) Rinse in de-ionized water,

(5) Dry on filter paper.

(6) Plate in CuS0,, HF solution for 5 minutes.

4
(7) Rinse two times in de-ionized water.
(8) Rinse in HNO3 (70%) 3 times,
(9) Rinse in de-ionized water.
(10) Boil in 30% HZOZ for 10 minutes,
(11) Rinse in de-ionized HZO'
(12) Ultrasonically clean in de-ionized H20 5 minutes,
(13) Rinse 3 times in de-ionized H20°
(14) Rinse in Acetone 2 - 4 minutes,

(15) Dry on filter paper.

(16) Rinse in HNO3 at 50°C,



The purpose of this procedure is to thoroughly remove all con-
taminants from the surface of the silicon, including any that might
have been introduced during the mechanical slicing operation.

The next step in the needle formation process is the electro-
chemical etching of the needle tip. This was done by slowly lowering
and raising one end of the needle blank into the etch solution. An
electric potential (a.c.) was maintained between the needle blank and
an electrode in the etch solution., A motor driven apparatus was de-
signed and assembled which controlled the amount of time the starting
bar remained in the etching solufion and the depth to which it is
submerged, It is desirable that this depth be as shallow as possible
in (rder that the mechanical strength of the final needle be
maximized. The shallowest depth practical was found to be approxi-
mately 1/8 of an inch., The silicon bar was submerged into and re-
trieved from the etching solution by a piston driven by the motor
through a lever arm. A photograph of the apparatus is shown in Fig. 2-2,

The solution used to etch the rectangular silicon bars into
needles was composed of a mixture of concentrated HNO, and concen-

3
trated HF. The mixture ratio was defined as volume of HNO, divided

3
by volume of HF and was varied from a high of 14 to a low of 3,5 in
an effort to determine its effect on the completed needle.
Simultaneously, the electroetching current was varied from 20 ma to
70 ma. The purpose of this procedure was to obtain a balance between
chemical and electrical etching phenomena, It was determined that a
mixture ratio above 7 was not sufficient to provide a proper chemical

contribution to the etching process while a ratio below 4.5 provided

an excessive chemical contribution. A low ratio caused an '"orange




Fig. 2-2. Photograph of the Apparatus Used to Etch the Silicon Bars
Into Needles.
peel" effect on the surface of the needle tip and caused the cone of the
needle to have an uneven profile. An example of an excessively low
mixture ratio is shown in Fig. 2-3. A high mixture ratio resulted in
blunt tips because etching action was not sufficient to effectively
sharpen the silicon. An example of a high ratio is shown in Fig. 2-4,
When the mixture ratio was outside the prescribed bounds, a proper
balance could not be attained by manipulating the current level. A
current level above approximately 60 ma increased the electrical contri-
bution to a point of unattainable equillibrium while current below 20 ma
resulted in an unbalance in favor of chemical etching. The optimum

mixture ratio-current combination was found to be approximately 4.7 at
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Fig. 2-3. Photomicrograph of a Silicon Needle - Low Mixture Ratio
(1 Q-cm n-type silicon).

AR AR AR R

Fig. 2-4. Photomicrograph of a Silicon Needle - High Mixture Ratio
(1 Q-cm n-type silicon).
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50 ma., However, the current level did not have nearly as much affect
on the needle as did the mixture ratio.

Also worthy of note is the manner in which the solution was mixed
and which had a significant effect on the resultant needle. A non-
uniformly mixed solution produced needles of various uncontrollable
geometries with all other parameters fixed. This problem was allevi-
ated by agitating the mixture for a period of 10 to 15 minutes before
the electroetching process was initiated.

The parameters of time and dip-rate were found to be equally as
important as the mixture ratio aﬁd current parameters, The dip-rate
parameter is the rate at which the silicon blank is lowered into and
withdrawn from the etching solution. The time parameter is the elapsed
time from the beginning to the end of the dipping process. An ex-
cessively short time provided insufficient etching and left the needle
with a concave comne and a blunt tip. An excessively long time provided
excessive etching and left the needle with a convex cone and a blunt
tip. The optimum time was found to be approximately 4 minutes. An
example of excessive time is depicted by the needle tip in the photo-
micrograph of Fig. 2-5 while the effect of insufficient time can be seen
in Fig. 2-6,

The dip-rate was found to have a detrimental affect on the finished
needle only if this rate was very low. At low dip rates, an "orange
peel" effect was present on the surface of the etched portion of the
needle. This was attributed to chemical etching during the up portion
of the dip rate cycle. Chemical etching was caused by the fact that
some residual solution was withdrawn along with the needle, and at low

dip-rates, had sufficient time to react while the needle was out of
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Fig. 2-5. Photomicrograph of 1 Q-cm n-type Silicon Needle - Etching
Time 6 min. (each division is .04 mm).

Fig. 2-6. Photomicrograph of 1 Q-cm n-type Silicon Needle - Etching
Time 3 min. (each division is .04 mm) .
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the solution. Since the needle was out of the solution and thus no
current could flow, the etching action was all chemical during this
portion of the cycle. The "orange peel" effect was eliminated by in-
creasing the dip-rate to approximately 20 cycles per minute,

The influence of the various parameters such as mixture ratio,
etching current, time and dip-rate on the final needle are summarized
in Table I. Table I was obtained for 1 ohm-cm n-type silicon. However,
the only parameter appreciably affected by a change in resistivity is
the current level, A higher current is required for lower resistiv-
ities material and vice versa, Nb appreciable effect has been noted
for a change from n to p-type silicon. For very high resistivity
starting blanks, an ultraviolet light source aids the etching process.

Using the results of these experiments, it has been possible to
reproducibly fabricate silicon needles with approximately the desired
geometrical properties. The radii of curvature, as well as tip lengths
and surface characteristics, can be controlled to the necessary
tolerances., Two needles made using the optimum parameters of Table 1
are shown in the photomicrographs of Fig, 2-7. It should be noted
that the motor driven apparatus is capable of etching any number of

needles simultaneously.

2.3 Junction Formation

Once the needle fabrication process was perfected, the next logical
step in the development of improved needle sensors was the junction fab-
rication process. An effort was made to control the parameters of this

process with primary emphasis on the method of junction area definition,
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Photomicrograph of Two Silicon Needles Fabricated Using
Optimum Parameters of Table I (1 Q-cm n-type silicon).
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The stress sensitivity of p-n junctions depends, among other
factors, on the ratio of stressed to unstressed junction area.
Therefore, it is desirable that as much of the junction area as possible
be exposed to the applied stress. The insensitivity to stress noted in
some of the early needle sensors was attributed to the fact that the
.junction area on the tip of the needles was large with respect to that
portion of this area which was actually stressed. An effort was under-
taken to develop a technique of junction definition which would reduce
the total junction area to that actually stressed.

The present study has been confined to the planar process for
fabricating junctions on the tip of the needles. Planar needle sensors
were originally fabricated by first growing an oxide on the entire
silicon needle, The oxide covered needle was then coated with photo-
resist (such as KTFR) which remains intact after the exposure and
developing process. To expose the tip of the needle, it was carefully
lowered into molten black wax which defined the junction area and was
then exposed to ultraviolet light. Since the area of the junction was
determined by the depth to which the needle tip was lowered into the
protective wax, this was the most critical and most difficult step to
control in the process. It was most difficult to confine the wax to
the very tip of the needle and even more difficult to mask two needles
identically. Although this masking technique was somewhat successful,
the need for a more precise method led to the development of other
techniques.

The first'technique investigated in an attempt to obtain a junction
only on the portion of the needle to be stressed consisted of lowering

the photoresist coated needle into a glass beaker until the needle tip
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came into contact with the bottom of the beaker. The beaker was then
filled with black ink for the purpose of attenuating the exposure light,
The idea here was that only the very tip of the needle would touch the
glass and that only this portion of the photoresist would be exposed
when light was passed through the bottom of the beaker. This method

did not prove to be successful and was, therefore, abandoned.

The next attempt consisted of lowering the photoresist coated
needle onto a spring loaded metal plate in much the same manner as if
stress was being applied to a finished sensor. The metal plate was
coated with black paint so as to protect the portion of the needle in
contact with the metal from the exposure light. Once contact was made,
the unprotected photoresist on the needle was exposed with an ultra-
violet light source for a period of approximately 2 minutes.

The needle sensors produced by the latter method were very sensi-
tive to stress and diodes formed by using this process possessed very
good electrical characteristics. Good needle sensors have been obtained
by this procedure using both n and p-type silicon starting material of
various resistivities. Some of the advantages of this technique over
the black wax method are (1) smaller junction area definition and
(2) more controllable junction definition. This technique is also much
easier and faster than any other method tried to date.

Following the exposure operation, the photoresist was developed
leaving a hole in the photoresist on the apex of the needle. The
needles were then placed in HF to etch a hole in the oxide on the un-
protected needle tip. Care must be exercised in the etching operation
to insure that the photoresist does not peel off. This is best

accomplished by using a pilot wafer on which the etch time is determined.
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A p-n junction can be formed on the apex of the needle by simply
removing the photoresist and placing the needle into an appropriate
diffusion furnace. Single junctions with excellent electrical char-
acteristics have been formed using the above process.

Junction depth and impurity surface concentration are important
in the stress response of diode sensors. A shallow junction
(~ 1/2 micron) with a high surface concentration (~ 1021 atoms/cm3)
has proved to result in the best sensors. High surface concentration
not only increase the stress sensitivity of the sensors but it also
makes it easier to obtain good ohmic contact to the needle tip with
ordinary metals such as Au and Al,

The stress sensitivity of single junction needle sensors depends
heavily on the radius of curvature of the needle point and on the
junction area. Since the radius of curvature of the needle points are
controllable above a few microns, it is possible to choose almost any
desired sensitivity. Typical sensors fabricated in the laboratory have
used a radius of curvature of approximately 1/2 mil which resulted in
sensors requiring a force of approximately 10 grams to bias the device.
The electrical characteristics of a typical sensor is shown in Fig. 2-8
for several stress levels,

The feasibility of fabricating multijunctions on the apex of
silicon needles has been investigated. The particular device chosen
for this study was a four-layer (three junction) diode., The break-over
voltage of four-layer switches is stress dependent (see Appendix A)
which makes the device particularly attractive for use in an oscillator
configuration. The method studied for the fabrication of four-layer

switch needles was identical to that used in fabricating single
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Fig. 2-8. Needle Diode Current-Voltage Characteristics for Several
Stress Levels. Vertical Scale - 0.01 ma/div, Horizontal -
0.2 V/div for Forward Bias and 5 V/div for Reverse Bias.
junction devices as described above except three consecutive dif-
fusions were performed instead of one.

The problem of fabricating four-layer switches in which all three
junctions are diffused junctions is difficult when all the planar pro-
cessing steps are available. That is, when a new oxide can be grown
and a new hole (smaller area) cut in the oxide after each diffusion
step as is common in the planar process. Epitaxial substrates are
much easier to work with in making multijunction devices. Aside from
the masking problem in all diffused junction four-layer diodes each
consecutive diffusion must be much heavier than the previous one at
the expense of controlled junction depth and the quality of the junc-

tion formed.
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Since it is not practically feasible using the needle structure to
cut more than one window in the oxide on the apex of the needle, it is
therefore necessary to carry out all diffusion through a single oxide
window.

Considerable effort was put into fabricating four-layer diodes on
silicon wafers utilizing a single window for the diffusion. The final
process consisted of first making a very shallow (less than 1/2 micron)
diffusion with a low surface concentration. This was followed by a
drive-in cycle in a neutral furnace, at 1300°C, for approximately six
hours. This resulted in a junction depth of approximately 10 to 15
microns, This was followed by two more diffusions with opposite type
impurities. The yield on these devices was very low. The problem was
not so much control over the diffusions as it was shorted junctions at
the oxide junction interface. Another problem was large variations in
the device properties, even for devices made at the same time. An
analysis of these results showed that these variations resulted in large
part from surface effects.

Attempts to translate the single window planar process for four-
layer diodes to the silicon needle were unsuccessful., Although a few
needle four-layer diodes were formed, they had very poor electrical
characteristics. The results indicated, however, that such a process
is possible if perfected and controlled properly. It is felt that a
near pilot line operation would be required to perform an adequate
evaluation of the process. Since neither the funds nor the equipment

were available under the present study, further studies were not made.
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2.4 Stress and Displacement of Needles Under an Applied Force

The following analysis of silicon needles under loaded conditions
is based on needles with circular symmetry, i.e., the shank is assumed
to be round. Figure 2-9 shows a sketch of the geometry considered.
Silicon is shown in the figure as the pressure plate (base) onto
which the needle tip is pressed. Stainless steel, silicon and quartz
have been used as base materials,

If the applied force is F, then the displacement of the shank,

Aﬁl, is

A=, 2.1)

ﬂazE
where E is Young's modulus and a is the radius of the shank. The dis-

placement of the conical section, Aﬂz is

FL,
o (2.2)

2 ~ TaRE °’

where R is the radius of curvature of the needle point.
To calculate the displacement of the point, it is assumed that

the base dimensions are much greater than the radius of the point. The

displacement of the point and the base combined, Ay, is approximately1
33
N_"_’ 1.5 F (2-3)
E2R

The total displacement of the needle under an applied force F is

F{ F4 3
1 2 2
AQ:_"Z +'n'aRE+1'5 F . (2.4)
7a’E E2R

then
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Fig. 2-9. Needle Configuration Used for Calculating Displacement.
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As an example, consider a needle with the following typical dimensions:

R =1 mil
ﬂz = 1/8 in.
Ql = 1/4 in,

E=1.7 X 1012 dynes/cm2 .
In this case:

-6 F2/3C

Ay ~ 8 X 10 m, (F in grams)

~ 0.17 x 10°® F
~ 0.9 x 1078 F

As can be seen, the total displacement per gram load is approximately
one tenth of a micron which is very small, In fact, for most appli-
cations, the displacement of the needle can be neglected in comparison
to the displacement of the housing or mechanical configuration.

The relationship between stress in the needle tip and applied force
is very complicated. This problem has been considered by a number of
workers.z_5 In order to calculate the effects of stress on junction
properties, it is necessary to know the stress as a function of position
in the needle tip. This is a formidable problem, the solution of which
is not at present worth the effort required to obtain it. There has
been some success with the evaluation of an indenter point in contact
with a planar junction structure.

Since the function 7y (o), which is of particular interest here,
is an exponential function of stress, the maximum stress is important.

., 5
The pressure on the surface under the contact is
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(2.5)

where a is the radius of the contact circle and r is the distance from

the center to the point of interest. The radius of contact, a, is

V]
i

3 1 - V2
) G/oRF, (2.6)

or

'Y
I

I<(RF)1/3 ’ 2.7)

where v is Poisson's ratio. The maximum stress is then

3F
Umax B 2 (2.8)
27a
or
_ 1/3
0 ax = K2 F . (2.9)

At high stress levels such that 7V(c) = C1 exp(Czd)

1/3

7v(°) ~ Cy exp(C,F7) . (2.10)

For very shallow junction depths such that the stress is not very dif-
ferent from that at the surface, one would expect the above formulas
to be reasonably accurate.

The average stress on the needle tip is

__F
Tave = 2 ° (2.11)
Ta

Note that the average is a factor of 2/3 smaller than the maximum,
The effective value needed in making computations is somewhere between

the average and the maximum.
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2.5 Electrical Response of Silicon Needle Diodes Under Stress

The single junction silicon needle has been the most used sensor
| in this study. The following discussion considers, theoretically, the
electrical response of such devices under stress. The forward and re-
verse biased current-voltage characteristics of diodes under stress are
considered in I and in Appendix C. Both the "ideal and generation-
recombination currents are considered. The total current as a function
of voltage and stress (stress is represented by yv(c)) for a uniformly
stressed junction is

forward bias:

qV/kT qV/2kT
T = Iolyv(c)e ' + IorV7v(o e (2.12)

(o
|

- reverse bias:

I, = 17,0 + I \(7 @ O+ V0)1/2 (2.13)

Generally speaking, the most promising mode of operation for a
diode needle sensor is the constant voltage mode in which the diode
current is used as the stress indicator. The current is exponentially
related to stress through 7v(c) while the voltage is linearly related
to stress. The current is, therefore, more sensitive than voltage.
For the present purposes, it is assumed that voltage is held constant.

Also, since the sensors used were with a dc bias force, the approxi-

mation
C20

7v(0) =C, e

is a good assumption, The current can be written as follows
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=K e’ +K, e , (2.14)

where K1 and K2 are constants that depend on the magnitude and polarity
of the voltage, unstressed current, crystal orientation and temperature.

Normally, K. will be much larger than K2 in the forward biased condition

1
while K2 will be much larger than K1 in the reverse biased state. Since
both terms in Eq. (2.14) have the same functional relationship on o,

only one term will be considered further, i.e.,

I-= K3 e . (2.15)

As can be seen from Egs. (2.9) and (2.11), o is expected to be
proportional to F1/3. If the total junction area is stressed, then

the diode current is functionally related to force as follows:

1/3
1=K, & . (2.16)
In most practical sensors, it is more likely that only a part of
the junction is stressed. In this case, if A is the total junction area

and AS is the stressed area, the current is

A - A A 1/3
S S CF
= . 2.17
Ie—7g— K+ Ay Kg e (2.17)
The stressed area is related to the radius of contact by
2
A, =1a" . (2.18)
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1/3

The contact radius is proportional to F as shown in Eq. (2.7).

Therefore, AS « F2/3. The current is then related functionally to

the applied force as follows:

1/3
- 2/3 2/3 CF
I=K, - KF'Z+KRF' e (2.19)
If A >> AS, Eq. (2.19) reduces to
1/3
1=K + K7F2/3 LF (2.20)

In utilizing the needle sensor in practical transducers, it will
be necessary to calibrate the current-voltage characteristics as a
function of applied force. Although the functional relationships aid
in the design of devices and an understanding of their behavior, the
approximations made in the theory are not good enough and the models
on which they are based are not accurate enough for device use. This
does not mean, however, that the needle sensor is no good. Like almost
all of the conventional transducer sensors that are commercially

available, they must be calibrated individually.



Section IIX

ACCELEROMETER DEVELOPMENT

3.1 Introduction and Discussion

One of the major goals of this study has been to design, fabricate,
and demonstrate a laboratory accelerometer based on the piezojunction
effect. Emphasis has been placed on the silicon needle sensor as the
transducing element in the accelerometers. Although a variety of con-
figurations have been studied, they have all been of the diaphragm or
beam type. The configuration found to be the best is the double-
diaphragm type.

The general case of an accelerometer based on the silicon needle

sensor is shown schematically in Fig. 3-1. A dc force biasing spring

dc Biasing
Spring

Needle
Sensor

Fig. 3-1. Schematic of a General Accelerometer Utilizing the Needle
Sensor.

(29)
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is shown in the figure. This spring can be anything from an actual
spring to the give of the mechanical housing holding the mass in place
under the bias force applied to the needle.

As discussed in Section 2.4, the displacement of the needle under

an applied force F is

Fﬁl Fﬂz 3 F2
A v — 2 415\ [E- (2.4)
malp TARE E2R

This displacement of the needle is important in the dynamic operation of
an accelerometer which utilizes the needle sensor. Although A is not
linearly related to F, it is approximately linear for small changes in

F. It will be assumed for the present purposes that

F~KU{ 3.1)

- e
where Ke is the equivalent spring constant of the needle which can be
calculated from Eq. (2.4).

The dynamic configuration for the accelerometer of Fig. 3-1 is
shown in Fig. 3-2. As shown in the figure, KS is the effective spring
constant of the biasing spring and the mechanical housing and MS is

the effective mass of the spring. The resonant frequencies of the

system are
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Fig. 3-2. Mechanical Equivalent of an Accelerometer.
1if Ms << M, the fundamental frequency of Eq. (3.2) reduces to

1 KS +Ke
A e e @9
The assumption that MS << M is good for low and medium g accelerometers.

Also, Ks will normally be much less than Ke'

Using the example of Section 2.4 for the needle sensor and a two
gram seismic mass the lowest possible resonant frequency (KS = 0) is

approximately 3.7 X 103 cps. An accelerometer utilizing this needle
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and the two gram weight would, therefore, have a minimum resonant
frequency of 3.7 ke,

In the static case where there is no mechanical advantage or
disadvantage obtained from the device, the force on the needle is

simply,

F = Mg + Fo 3.4)

where g is the acceleration level and Fo is the dc bias force.

3.2 Single-Diaphragm Accelerometers

The single-diaphragm accelerometer consists of a cylindrical
seismic mass supported by a circular diaphragm with a needle sensor
in contact with the diaphragm on the side directly opposite the mass.
The diaphragm is clamped or fixed at the edges. Figure 3-3 is a
sketch of the accelerometer.

The deflection of the center of the diaphragm is

2 2.2 2
_3Mg - F) (m - 1) 2 2 4a“b a
- 23 [a® - b° - =) Wogp) 1, (3.5
mm Et a2t

AN

where Ay = displacement of the mass

M = seismic mass

m = reciprocal of Poisson's ratio
E = Young's modulus of diaphragm
t = diaphragm thickness

g = acceleration in g's.

Equation (3.5) can be used to calculate the spring constant of the

diaphragm.
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_— Diaphragm

Needle Sensor

Fig. 3-3. Sketch of Single-Digphragm Accelerometer,

The dc bias force can be applied in the diaphragm accelerometer
by simply constructing the device so that the needle is exerting the
desired force against the diaphragm., The diaphragm acts in this case
as the biasing spring. Figure 3-4 is a photograph of a single-diaphragm
accelerometer in which the diaphragm is used as the biasing spring.
The device consists of a brass base in the center of which a silicon
needle sensor is soldered, a glass housing, a brass diaphragm (2 mils

thick), and the seismic mass. The device is fabricated by first
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Fig. 3-4. Photograph of a Single-Diaphragm Accelerometer.

soldering the mass to the diaphragm. The diaphragm is then epoxied to
the glass housing. The next step is to attach the needle sensor to the
base. This is done by drilling a hole the size of the needle and
soldering the needle shank into the base. The final step consists of
epoxying the base to the housing. During the curing cycle for the
final step, a constant force is maintained between the glass housing
and the base to create the desired dc bias force. Electrical contact
is made between the diaphragm and the base.

The needle diode sensors used in accelerometers of this type were
pressed into the brass diaphragm. Subsequent tests of these accelerom-

eters showed large hysteresis and drift effects which were eventually
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traced to the plastic deformation of the brass under the needle point.
Each time the devices were accelerated to a new high acceleration level
the devices exhibited a new set of electrical characteristics as a
function of acceleration. Since there were no means provided for the
adjustment of the dc bias force, the devices usually ended up by losing
electrical contact to the needle sensor.

In addition to the above mentioned problems, the single-diaphragm
accelerometers were found to be sensitive to cross-axes acceleration.
This was not an unexpected result since a cross-axes acceleration
applies a large moment on the diaphragm due to the mass and height of
the seismic mass,

Some improvements were incorporated into the single-diaphragm
accelerometers. One of the improvements was to use stainless steel
as the diaphragm material. Another improvement was the use of an
adjustable bias force. The latter was accomplished by mounting the
needle on the end of a screw which was then threaded into the base.
Since the needle rotates with respect to the diaphragm during the
assembly operation, it was necessary to pull up on the diaphragm
until the needle was inserted to the desired height and then release
the diaphragm to allow it to make contact with the needle. This pre-
vented breakage of the needle.

Although the single-diaphragm accelerometer is relatively easy
to construct, its cross-axes sensitivity, especially for applications
in the low g range, make it unattractive compared to other devices

such as the double-diaphragm type.
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3.3 Double-Diaphragm Accelerometers

The double-diaphragm accelerometer was designed to eliminate the
cross-axes sensitivity problems associated with the single-diaphragm
type. A schematic drawing of the double-diaphragm type is shown in
Fig. 3-5. The second diaphragm prevents the mass from rotating under
cross-axes acceleration,

For the case where both diaphragms are identical, the displacement

of the mass is given by Eq. (3.5) with (Mg - F) replaced by (Mg - F)/2.

Fig. 3-5. Schematic of Double-Diaphragm Accelerometer.

Mass Diaphragms

Needle
Sensor
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In cases where the two diaphragms are different, Eq. (3.5) must be applied
for each diaphragm with (Mg - F) replaced by (Mg - F - Q) for one and Q
for the other. The two equations are then solved simultaneously.

A variety of double-diaphragm accelerometers have been fabricated
and tested. Based on the results obtained on the single-diaphragm type
and other types, it was decided in the beginning that an adjustable dc
bias force was necessary. Since there is always some relaxation of the
mechanical housing and some plastic deformation of the needle and its
base, the adjustable bias was incorporated into the design. Figure 3-6

shows a schematic representation of the accelerometer showing the

‘///L////////,, Silicon Needle Sensing Element

|t Needle (base) Pressure Plate

A
[1 N
Se%smic \\K\\ Double-Diaphragm
weight A///, Suspension
1 A4

<— [ &—Spring and Screw Bias Arrangement

Fig. 3-6. Schematic Representation of a Double-Diaphragm Accelerometer
Showing the dc Bias Adjustment Arrangement.
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dc bias adjustment arrangement. For this type of arrangement, the
equivalent spring constant of the diaphragms and the spring is ob-
tained by simply adding the spring constant of the bias spring, Kb’

to the spring constant of the diaphragms, i.e.,

Ke = Kd + Kb . (3.6)

It should be noted that the needle is mounted on the opposite side of
the diaphragms and mass from the bias spring. If it were mounted
behind the needle and the needle allowed to move, the resonant fre-
quency would be lowered considerably and the system would be extremely
unstable,

A cross-section view of a typical double-diaphragm accelerometer
is shown in Fig. 3-7. The housings for these devices have been brass,
with 10-32 screw threads on the bottom for mounting purposes. The
housing is electrically ground and the other electrical lead is
attached to the needle shank. The shank of the needle sensor is
electrically isolated from the accelerometer housing.

The diaphragms are soldered to the center housing ring and the
housing is put together with screws. The needle holder is epoxied to
the top housing piece. The needle is mounted in a brass rod (holder)
by soldering and the rod is then epoxied in the housing. Electrical
insulation is provided by the epoxy. In the device shown in Fig. 3-7,
the mass is attached to the diaphragms by screws. This can also be
accomplished by epoxy or solder.

Laboratory accelerometers were tested both statically and

dynamically in the Standards Laboratory at Langley Research Center,
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Fig. 3-7. Cross-Section of a Typical Double-Diaphragm Accelerometer.

Hampton, Virginia. In these tests, a positive acceleration was such
that the seismic mass pressed against the needle sensor and a nega-
tive acceleration relieved stress on the needle.

Three series of accelerometers of the double-diaphragm type have
been fabricated and tested. All three series were of the same general
configuration as that shown in Fig. 3-7. The first series utilized a
gold plated stainless steel pressure plate (base) for the silicon
needle, The needle sensors in this set did not have any metal contact
material on the tip of the needle, i.e., electrical contact was made

by the silicon needle tip in contact with the gold plated steel.
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Figure 3-8 is a photograph of one of the accelerometers of the
first series. These devices had a 2 gram mass. The top of the
accelerometer was designed to accommodate a Microdot connector for
electrical contact. These devices were tested by using the current at
a constant voltage as a measure of the acceleration. Figure 3-9 is
a plot of AL as a function of acceleration with a reverse bias voltage
of -15 volts. The curve is a copy of the data as recorded on an x-y
plotter. As can be seen in Fig. 3-9, there is a hysteresis in the
characteristics. The current did not return to its original value
following an acceleration to a new high level. When tested at accel-
eration levels below some previous level, the loop was found to close
at zero g. Another example of the hysteresis effect in another device
is shown in Fig. 3-10. The top curve is the first run and the bottom
curve is the second run.

Tests of cross-axes sensitivity showed that the devices had a
cross-axes sensitivity of less than 1% of that in their sensitive axis.
Figure 3-11 is a plot of sensitivity at a constant g level as a function
of frequency. As shown, the resonant frequency was approximately 3 KC.
This is slightly lower than calculated earlier. This was expected
since the pressure plate was stainless steel and not silicon as had
been assumed in the calculations.

Aside from the hysteresis effects in the first set of devices, the
sensitivity was much lower than expected., A careful analysis of the
test results showed that the low sensitivity and much of the hysteresis

effects resulted from plastic deformation of the stainless steel

pressure plate,




Fig. 3-8.

Photograph of a Double-Diaphragm Accelerometer with a
2 gram mass.
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Fig. 3-9. Change in Current (V = -15 volts) as a Function of
Acceleration for the Accelerometer Shown in Fig. 3-8.
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Change in Current as a Function of Acceleration for an
Accelerometer of the First Series.
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The second set of devices that were fabricated and tested were
identical with the first set except the pressure plate was made of
gold plated silicon. This made the mechanical properties of the
pressure plate and the sensor identical. Again, these devices did
not utilize any metal on the tip of the silicon needle. Although
several of these devices were fabricated, all but one was broken
while being transported to LRC for testing. The one remaining device
was tested with the aid of the circuit shown in Fig. 3-12. The off-
set or bias voltage Vo is the voltage required in series with the
recorder to give a zero voltage under zero g acceleration. V is the
battery voltage. AV is the change in voltage across the 10 K resistor
due to acceleration.

Figure 3-13 is the actual recorder plot of AV as a function of
acceleration for several reverse biased conditions. As shown, the
acceleration was from -5 to +5 g's. The vertical scale for AV is
1 volt per major division (1 inch). As shown in Fig. 3-13, both the
sensitivity and the hysteresis effect increases with reverse bias
voltage.

The forward biased mode is shown in Fig. 3-14. Again, the
sensitivity increases with bias voltage. Note in Fig. 3-14 that two
curves are shown for V = 0.4 volts. The lower 0.4 volt curve was
slightly offset with the recorder zero and represents four consecutive
runs to show the repeatability. As can be seen by comparing Fig. 3-13
with 3-14, the hysteresis effect is virtually non-existent in the

forward biased case.
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Fig. 3-12,

Accelerometer
'
1K 10 K
V EER———
o ———
1' '}
X
Recorder

Circuit Used to Test Accelerometers.
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Fig. 3-14.
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Figure 3-15 is a recorder plot of sensitivity for a reverse bias
of -15 volts for acceleration along the sensitive axes and along the
transverse axes,

The third set of devices utilized the gold plated silicon pressure
plate. 1In addition, the needle tip was coated with an uncured in-
sulating epoxy prior to installation of the needle into the housing.
The needle point punched through the epoxy when the bias force was
applied. The idea here was to add mechanical support to the needle
especially for transverse motions. Also, the epoxy should provide
some heat sink effects. As one might expect, the devices were plagued
with poor electrical contacts. These poor contacts were experienced
even though gold was plated on the needle tips prior to the epoxy.

Figure 3-16 is a photograph of one of the accelerometers of the
above type. This particular device was designed to respond to low g
accelerations by making the radius of curvature of the needle tip
smaller than the previous devices. Figure 3-17 is a photograph of
the forward and reverse current-voltage characteristics of the
accelerometer under O and + 1 g accelerations -- A =-1g, B=0 g,
C=+1g. The vertical scale is 0.1 ma/division for both the forward
and reverse modes., The horizontal side is 0.5 volts/division for the
forward and -5 volts/division for the reverse mode. The non-linearity
of the piezojunction effect can easily be seen in Fig, 3-17 where, for
a constant voltage, the current change between 0 and -1 g is seen to be

smaller than the change between 0 and + 1 g.
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Fig. 3-16.

Fig. 3-17.
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Photograph of a Double-Diaphragm Accelerometer. No
Microdot Connector is Provided.

Current-Voltage Characteristics of the + 1 g Accelerometer
Shown in Fig. 3-16. A= -1 g, B=0gand C =+ 1 g.

The Vertical Scale is 0.1 ma/div. for Both Forward and
Reverse Modes. The Horizontal Scale is 0.5 V/div. for
Forward and -5 V/div. for Reverse Mode.
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Figure 3-18 shows a recorder plot of AV as a function of acceleration
for several reverse biased conditions. The circuit shown in Fig. 3-12
was again used to test this device. Note that the hysteresis effects
were also present with these devices and as before was found to increase
with an increase in bias voltage.

Figure 3-19 shows a plot of frequency as a function of acceleration
for the above accelerometer. The oscillator circuit used here is dis-
cussed in Section 5.4. An 18 volt supply was used and a 0.001 pf
capacitor. As shown in Fig. 3-19, the sensitivity is approximately

1.4 KC/g.

3.4 Beam Accelerometers

Another possible mechanical configuration for accelerometers which
utilize a needle sensor or indentor point junction combination is a
cantilever beam arrangement. A detalled discussion of such an arrange-
ment for use as a force and displacement transducer is given in Section
4.3. The mechanical force in the arrangement discussed in Section 4.3
is simply replaced by a mass under acceleration for accelerometer
action. The mass can be the mass of the beam, a mass attached to the
beam, or both.

Laboratory accelerometers of the cantilever beam type have been
investigated. These devices were found to be extremely fragile and
easily broken. The resonant fréquency of the cantilever beam acceler-
ometers is low (typically less than 1 KC)., The major advantages are
its simplicity and range. The beam can be used either to give a

mechanical advantage or disadvantage and hence a large range of devices
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A Recorder Plot of AV as a Function of Acceleration for

Several Reverse Biased Conditions.

Fig. 3-18,
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Fig.

Frequency (KC)

3-19.

Acceleration (g's)

Frequency vs Acceleration for the Accelerometer Shown in
Fig. 3-16. The Unijunction Oscillator was Used.
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is possible. Low g beam devices are typically sensitive to cross-axis
accelerations, however, this can be kept to a minimum by using wide

beams.

3.5 Discussion and Summary

Accelerometers of the single-diaphragm, double-diaphragm and
beam types have been designed, fabricated and tested. Of the types
studied, the double-diaphragm type is definitely the best suited
configuration for use with silicon needle sensors. The double-diaphragm
accelerometer is, however, the most difficult to construct. As demon-
strated by the data presented herein, accelerometers can be fabricated
in the range + 1 g to + 100 g. This does not imply that these are the
limiting ranges. In fact, it should be possible to extend both ends
by an order of magnitude by choosing the proper radius of curvature
for the sensor and the proper mass. Resonant frequency can also be
extended by making the bias spring stiffer and reducing the mass both
of which are within practical realization.

The major problem with the devices that were tested was the
hysteresis effects in the output signal as a function of acceleration.
The use of steel pressure plates (bases for the needle) was found to
cause large hysteresis effects and non-reproducibility in the
characteristics. This was not unexpected since the yield strength
of steel is less than the stress levels needed to produce the piezo-
junction effect.

The use of silicon as the pressure plate material was found to
reduce the hysteresis effect and resulted in reproducible characteristics.

An analysis of the data on the accelerometers utilizing the silicon
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pressure plates shows that the hysteresis effect is directly related to
the sensitivity of the devices. The greater the sensitivity, the
greater the hysteresis effect.

Although it is not shown in the data, it was observed that the
hysteresis effects were time dependent. The hysteresis loops were
found to be smaller when a few minutes were allowed to elapse at each
acceleration level. The time required to reach equilibrium was
approximately 1 to 2 minutes. As shown by the data, when the accel-
eration was in the direction of increasing force on the needle, the
current was greater on the decending acceleration curve than it was
on the ascending portion of the curve. For a negative acceleration,
the current was greater when the stress on the needle was being de-
creased than it was when stress was being increased,

At a first glance, one might suspect that the hysteresis effect
is a result of the creation of generation-recombination centers in
the junction of the sensor. This model was originally presented as the
mechanism responsible for the piezojunction effect. The time dependence
is of the correct order of magnitude for such a mechanism. Consider
the creation of generation-recombination centers which appear with
some very small time constant as stress is applied and which anneal
out with a time constant 7 after stress is relieved. If T is much
less than the time required to increase and decrease the force on the
needle, then there would be no difference observed in the magnitude of
the current between an increasing and decreasing force. On the other
hand, if T is equal to or greater than the time required to increase

and decrease the force, then a hysteresis effect would be present in
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the current-force characteristics, 1In the latter case, if force were
first increased then decreased, the generation-recombination centers
introduced during the force increasing period would remain during the
decreasing portion of the cycle and would therefore result in a higher
current value. Now if force is decreased and then increased, any
generation-recombination centers in the material at the time the cycle
is initiated would not have time to anneal out before they were re-
introduced, the result being no net change in the current. As shown
in the acceleration data in Fig. 3-13, the above conclusions are not
observed. 1In the compression mode the loop closes at zero g and there
is a hysteresis present in the stress relieving mode. The creation

of generation-recombination centers as a mechanism is therefore ruled
out as a cause of the hysteresis. If this mechanism was the cause of
the hysteresis then it would be a fundamental limitation on the
piezojunction phenomenon.

The observed hysteresis effect is believed to be a resﬁlt of
plastic deformation or non-elastic behavior of the pressure plate
material. If the plastic deformation were in the needle it would re-
sult in permanent changes in the current or at least generation-
recombination centers as discussed above would be created, The contact
area between the needle and pressure plate and the stress in the
needle would both be affected by plastic deformation or creep effects
in the contact region. These effects would result in changes in the
current. It would be a formidable task to predict the effect on
current since As and 0 enter into the current relationship in a com-
plex manner, and also the effect of the non-elastic behavior on AS

and 0 is not known.
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It can be concluded, however, that if a material which is harder
than silicon is used as the pressure plate, then any plastic deformation
or creep would be limited to the silicon needle. This should result
in an increased sensitivity of the needle sensor. Although time did
not permit the testing of the hypothesis in accelerometers, it was
checked in a force transducer. The silicon pressure plate was replaced
by gold plated quartz with the result that the hysteresis effect was
eliminated within the measurement capability of the measuring instru-

ments which was on the order of 1%.




Section IV

OTHER TRANSDUCERS

4.1 Introduction

The basic silicon needle sensor can be used as the sensory element
in a host of transducer applications. The configurations for employing
the silicon needle sensor to measure such parameters as force, dis-
placement and pressure are limited only by the imagination. Several

of the more conventiomal

(¢

onfigurations are discussed in the following

paragraphs.

4.2 Direct Coupled Force and Displacement Transducer

The simplest method for utilizing the needle sensor to measure
force and displacement is the direct coupled device. Here, force is
applied directly to the needle. Figure 4-1 shows a sketch of such a
device. The spring is used to produce a dc biasing force on the needle
sensor. This device consists of a cylinder, a piston, which fits
closely into the cylinder, and a rod through which the displacing
force is coupled to the piston. The needle sensor is held by the
piston so as to receive the applied force.

The relationship between applied force and displacement is given

by
FLr FL
= emm— 4.1
X=gxtga t > (4.1)
rr PP
where MX = Total displacement at end of connecting rod.
F = Displacing force.
Er’ Ep = Moduli of elasticity of connecting rod and piston.

~
n
O
[
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Fig. 4-1. Piston Type Displacement Transducer.

Lr’ Lp = Length of rod and piston.
Ar’ Ap = Cross-sectional area of rod and piston.
Ayn = Displacement of needle.

The displacement of the needle is given in Section 2.4.
The disadvantage to this design is the friction in the cylinder.

Also, this design is susceptible to shock breakage of the needle.

4.3 Cantilever Transducer

The cantilever beam concept is readily adaptable for use with the
silicon needle to measure force and displacement. The basic configu-
ration is shown in Fig. 4-2, 1If Fa is the applied force on the end of

the beam, then the force on the needle (Fn) is

F =F 3L - a)

4,2
n a 2a ’ ( )
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1= |

Fig. 4-2, Sketch of Cantilever Beam Force Sensor.

where L is the length of the beam and a is the distance from the canti-

lever to the needle. The deflection of the end of the beam, Ay, is

4Fa 3 2
Ay = 3 L - 3L - a)" a/d) , (4.3)

EWh

where E is Young's modulus of the beam, W is the width of the beam, and
h is the beam height. Equation (4.3) neglects the compression of the
needle. This assumption will be good for thin beams where Ay is in the
micron range.

For the case of short thick beams, the compression of the needle

must be accounted for. In this case, if Ayn is the displacement of
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the needle, then

2F a - WEh> Ay /2a2
n n

Fa = T a s (4.4)

The displacement oy, is of course a function of Fn as discussed in
Section II. The deflection Ay can be solved by combining Eq. (4.4)

with the following expression
1 oF a”

_ n
EWh3 EWh3

Ay = (3L - a) . (4.5)

There are several advantages of the cantilever beam over direct
coupled needle sensors. As can be seen from Eq. (4.2), there is a
mechanical advantage which amplifies the force being measured.
Amplifications as high as 10 can be practically realized. Also, the
needle position can be interchanged with the force application position
to give a mechanical disadvantage. The latter can be mathematically
described by simply interchanging Fa with Fn in Eq. (4.2).

A second advantage of the cantilever beam arrangement over direct
coupled transducers is its ability to withstand mechanical shock.
Shock initiated at the end of the beam is attenuated to some extent
before it reaches the needle sensor. Care must be exercised in the
design, however, to make sure there is no side motion on the beam.

The practical design of a cantilever beam force transducer re-
quires that the physical dimensions of the beam be considered as well
as the needle sensitivity and applied force. As a force transducer,
Eq. (4.2) indicates an independence from beam dimensions. There are

certain practical limits to an acceptable displacement of the beam.
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Also, a practical transducer requires some means for applying a dc
biasing force on the needle since a needle sensor requires an approx-
imate stress of 109 dynes/cm2 before the electrical characteristics are
altered. One method for applying the dc biasing stress is shown in
Fig. 4-3. There are, of course, many other ways to create the dc
biasing force.

A typical needle sensor has a force-sensitive range from a threshold
of approximately 2 grams to a maximum of 30 grams. As a design example,
assume that it is desired to design a cantilever force transducer to
measure forces over the range of 0 to 5 grams. As can be seen from

Eq. (4.2), a ratio of 1/3 for a/L will give 20 grams on the needle for

Fig. 4-3. Cantilever Transducer with a dc Biasing Force.
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5 grams on the end of the beam. A dc bias load of 5 grams will put
the needle in the sensitive range. This will give the needle an
operating range of 5 to 25 grams.

As a design example of a cantilever displacement transducer,
suppose it is desired to measure displacements over the range 0 to 40
microns. Further, assume that the maximum force that is available with-
out interfering with the system to be measured is 1.5 grams. Consider

a stainless steel beam with the following parameters:

L = 1/2 in.
W=1/8 in.

h = .010 in.

a = 0.05.in.

E = 29 X 106 psi

From Eq. (4.2),

Ay = (43.2 microns/gm) Fa'

A one-gram load will give 43.2 microns in displacement which meets
the displacement requirements. The one gram load will result in a
force of 30 grams on the needle. The displacement of the needle is

negligible in these examples.

4.4 Pressure Sensors

These are basicaily two methods for fabricating pressure trans-
ducers which utilize the piezojunction phenomenon. Both methods uti-
lize a diaphragm to transmit the force to the p-n junction device.
The first method utilizes the needle sensor in direct contact with

the diaphragm while the second method utilizes a coupling pin between
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the diaphragm and the p-n junction device. Both methods are shown
schematically in Fig. 4-4.

The diaphragm in these pressure sensors can be made from such
materials as stainless steel, quartz or silicon. The latter has
proved to be one of the best materials to use in the pressure sensor
in which the needle sensor is used.

The deflection at the center of a clamped diaphragm AyD under

a uniform pressure is

_ 3P @ - a”

Ay
D 16Em t

(edges fixed) , (4.6)

where P = Pressure per unit area.
m = reciprocal of Poisson's ratio.
a = radius of diaphragm.
E = Young's modulus of diaphragm,
t = diaphragm thickness.

The deflection at the center of a clamped diaphragm Ayn under a point

load is

2 2
Ayn _3F (m 2—31)a , 4.7)
4TTEm” t

where F is the point load. The above equations are good for diaphragm
deflections less than-half the thickness of the diaphragm.
The force on the needle or coupling pin (where the radius of the

coupling pin is << a) is

2
F = . (4.8)




66

Diaphragm

Needle
Sensor

(a) Silicon Needle Pressure Sensor

Diaphragm

Coupling
Pin

p-n Junction
Sensor

(b) Coupling Pin Pressure Sensor

Fig. 4-4. Piezojunction Pressure Sensors.
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If the diaphragm is not too large in radius and is reasonably thick,
it can be used to apply the dc bias force needed on the p-n junction
sensors., For example, if a stainless steel diaphragm is used with

t =2 mils, a = 0,2 in., a biasing force of 10 grams can be placed on
the needle by forcing it against the diaphragm with only an 0.8 mil
deflection. 1In this example, a pressure differential across the
diaphragm of 1 psi will apply a force of 14.3 grams on the sensor
which is in the proper range for the needle sensor to operate,

Pressure transducers utilizing both the coupling pin and the
needle sensor have been fabricated and tested. One of the major ad-
vantages of the coupling pin method is that complicated multijunction
sensors can be used whereas in needle sensors only one junction is
presently available.

A differential pressure transducer of the coupling pin type has
been fabricated in which the p-n junction sensor was a four-layer
switch., The switch was made using the planar process with a single
window as described in Section II.

The transducer consists of a brass housing, a brass diaphragm,
inlet and outlet ports, a stainless steel needle, and a planar four-
layer switch in chip form. These components were used to form three
major assemblies which were then integrated into the final transducer
shown schematically in Fig. 4-5.

The diaphragm was cut from 2 mil brass shim stock and fitted to
one end of the brass inner housing. The other end of this inner
housing was drilled to accommodate an insulated post containing the

sensing element and to accommodate the low pressure port. The outer
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1/4"
— —.I

Inlet Pressure
Port

Outer Housing

Diaphragm

Steel Needle

Epoxy
Silicon Chip

1/2"
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Inner Housing

Glass Insulator

OQutlet Pressure
Port

Brass Post

Fig. 4-5. Sketch of Four-Layer Switch Pressure Transducer.

housing was machined so that the inner housing (containing the
diaphragm) would fit closely into it. One end of the outer housing
was fitted with a brass inlet tube. The brass diaphragm and the inlet
and outlet ports were all connected using lead soldering techniques.
The sensing element was made by mounting the chip containing the
four-layer switch onto one end of a brass post which was machined to
fit closely into a 3/8 inch 0.D. glass tube. The chip was held in
place by conductive epoxy. The end of the brass post opposite the

silicon chip was machined into a terminal for electrical connection.
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The purpose of the glass was to electrically insulate the post from
the remainder of the transducer.

A steel needle was epoxied to the silicon chip to transmit the
force from the diaphragm to the four-layer switch. Armstrong resin
epoxy was used.

The first step in the integration of these assemblies was to
place the inner housing into the outer housing leaving a small chamber
between the inlet port and the diaphragm. The two housings were
bonded together by resin epoxy. The sensing element was then placed
into the glass insulator and epoxied in place. Conductive epoxy was
placed on the bare end of the steel needle and the complete sensing
element assembly lowered into the inner cylinder until electrical con-
tact was made between the needle and the diaphragm. Once contact was
made, an initial force was produced by lowering the sensing element
assembly still further into the inner housing. A photograph of the

device is shown in Fig. 4-6.

Fig. 4-6., Four-Layer Switch Pressure Transducer.
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The completed pressure transducer was calibrated by connecting the
four-layer sensing element in a relaxation oscillator circuit (see
Section V) and applying a known pressure to the inlet port. The outlet,
or low pressure port, was vented to the atmosphere., The center or
zero pressure frequency of the oscillator was 91 kc. A frequency
change of 20 kc was obtained with a pressure change of 0 to &4 psi.

The calibration curve obtained in this manner is shown in Fig. 4-7.

100 T ] { I I | I
T 90 S
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g
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8
2. 80 —_
(4}
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70 |}— —_
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0 1 2 3 4

Pressure (psi) =i

Fig. 4-7. Calibration Curve of Four-Layer Switch Pressure Transducer.
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Silicon needle pressure transducers have also been fabricated
and tested. These transducers utilized a silicon diaphragm with a
thickness of 2.5 mils. The diaphragm was clamped between a rubber
0 ring and a brass housing. The silicon needle sensor was mounted in
a mechanical screw and set in place against one side of the diaphragm.
Electrical contact was made by evaporating gold on the silicon dia-
phragm to which one side of the needle junction made contact. The
needle shank was the other contact. The dc biasing force was applied
by putting a vacuum on the side of the diaphragm opposite the needle
and then setting the needle against the diaphragm by means of the
screw. When the vacuum was released, the diaphragm applied the dc
bias force. The diameter of the diaphragm was 12 mm. Figure 4-8 is
a plot of the sensor current as a function of pressure. The voltage

was held constant across the sensor.
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Section V

Read-Out Circuitry for Piezojunction Sensors

5.1 1Introduction

Circuitry used in the past for acquiring data from laboratory
accelerometers and piezojunction devices was devised specifically for
the purpose of evaluating these devices under laboratory conditions.
The measuring techniques were conventional and implemented conventional
laboratory equipment. The devclopment of accelercometers and other
transducers has produced a need for considering circuits which can be
used to produce a read-out for the devices in other than laboratory
applications. Piezojunction sensors are solid state devices and hence

are compatible with microelectronic techniques and devices.

5.2 Differential Amplifier

A simple differential amplifier was devised which produced a
0 - 5V dc output in proportion to a stress input of 5 X 109 to
1010 dynes/cm2 into a p-n junction sensor. Two similar reverse
biased diodes were used - one in each leg of the differential amplifier.
One diode was the sensing element of an accelerometer and the other
was a reference element. The diodes formed a part of a biasing net-
work for the amplifier stages. The zero point is balanced by a
variable resistor in the reference stage. A schematic diagram of the

amplifier is shown in Fig. 5-1.

5.3 Four-lLayer Switch Oscillator
Figure 5-2 is a schematic diagram of a relaxation oscillator in

which the frequency is dependent on the input acceleration. The

{73)




74

Acceler-
ometer

out

1

Fig. 5-1. Accelerometer Differential Amplifier.
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Fig. 5-2. Four-Layer Switch Oscillator Circuit.
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active element in the oscillator is a 2N3027 four-layer switching
device. The frequency of oscillation depends on the gate current to
the device. An accelerometer is placed in series (such that the
acceleration sensing junction device is forward biased) with the gate
supply. An increase in acceleration allows a rise in gate current and
results in an increase in frequency of oscillation. The oscillator
frequency is controlled by the R1C1 time constant and R of the sensor.
Figure 5-3 shows two photographs of the output waveform of the circuit,
(a) with no acceleration and (b) under acceleration. A change in both
the amplitude and frequency of the waveform can be easily detected
in these photographs. However, the change in frequency is the most
advantageous measure of input accelgration due to the fact that it can
be more easily transmitted without distortion.

The most critical disadvantage of the above circuit has been

its instability.

5.4 Unijunction Oscillator

A similar circuit, shown in Fig. 5-4, was designed which utilizes
a unijunction transistor as the active element in a relaxation
oscillator. The accelerometer acts as an acceleration sensitive
resistor in the RC timing circuit of the oscillator. It is this series
RC circuit which determines the oscillator frequency. This oscillator
is more stable with frequency than the previous circuit. This is
partially due to the fact that the frequency of oscillation does not
depend directly on a switching level of the unijunction device but
is determined by an external circuit. TFigure 5-4 is a schematic of the

unijunction transistor circuit.
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Fig. 5-3.

(a) No Acceleration

(b) Under Acceleration

Photographs of Four-Laycr Switch Oscillator Waveforms Under
Normal and Higher-Than-Normal Accelcerations.
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Fig. 5-4. Unijunction Transistor Oscillator Circuit.

5.5 Summary

The circuits described above were developed simply to determine
their feasibility and are by no means optimum. There has been no
attempt made to environment harden any of the circuits, although
the differential amplifier is somewhat inherently temperature compensated.
The simplicity of the circuits reflect the lack of difficulty associated
with utilizing the piezojunction accelerometers in a practical
application. Probably most significant is the ease with which a fre-

quency modulated read-out is obtained.
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study have shown that, in fact, the piezojunction phenomenon can be
used as the sensory phenomenon in accelerometers, force, displacement,
and pressure transducers. No finalized designs were made, the object
here being a study of feasibility of such devices,

Considerable effort has been placed on the demonstration of the
usefulness of the piezojunction effect in accelerometers. The double-
diaphragm type device was found to be the best configuration studied
for use with the needle sensor. These devices showed resonant fre-
quencies greater than 3 KC and are capable of measuring both ac and dc
accelerations. Laboratory devices were fabricated with responses
covering the range from + 1l g to + 100 g.

€everal techniques were developed for providing a digital output
for the piezojunction sensors. The most prominent were the four-layer
oscillator and the unijunction oscillator.

There still remains some questions that need to be answered in
the application of the piezojunction effect in transducers. One of
these is the hysteresis effect as exhibited by the laboratory
accelerometers., Although quartz pressure plates appeared to eliminate
the effect, it remains to be proven in the accelerometers themselves.
Another problem that needs further study is the fragile nature of
piezojunction transducers. Methods of preventing overstress and
breakage of the sensors need to be investigated. Temperature and long
term stability studies of transducers also need to be performed if the
devices are to be applied with success and confidence.

The limitations that have been encountered in applying the piezo-

junction effect in transducers do not appear to be beyond elimination



Section VI

CONCLUSIONS AND RECOMMENDATIONS

This study has shown that mechanical stress applied to the
junction area of p-n junction devices can cause large changes in the
electrical characteristics of the devices. The underlying mechanism
has been found to be a decrease in the effective energy gap of the
semiconductor crystal. Analytical expressions have been developed for
the effects of stress on the electrical characteristics of diodes,
transistors, and four-layer switches., The piezojunction effect showed
up in many ways depending on the device configuration and mode of
operation. Of the many devices that were studied, the single-junction
diode with stress applied to the entire junction area has emerged as
one of the best configurations for use in transducer applications.

The silicon needle sensor was conceived and the techniques for
fabrication were developed. The needle sensor has the big advantage
of not requiring a delicate alignment operation between the stressing
arrangement and the junction to be stressed. It also offers the
possibility of drastic size reductions in sensors based on the piezo-
junction effect. One of the problems associated with the application
of the needle sensor has been the reduction of the size of the
mechanical configurations so that they were not orders of magnitude
greater than the sensor size.

A variety of transducers utilizing both the needle sensor and the
indentor point method have been investigated. Many of these transducers

were fabricated in the laboratory and evaluated. The results of the

(79)
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in practical devices. The phenomenon offers the possibility of a whole
new class of transducers that are limited only by one's imagination.
The major attributes of transducers based on the piezojunction effect
are small size, low power, high sensitivity, high resonant frequency,
sensitive to both ac and dc stimuli, and compatibility with micro-

electronic circuits and techniques.
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Appendix A

STRESS EFFECTS ON p-n-p-n DIODES

The basic p-n-p-n structure with two gate connections is shown in
Fig. A-1. 1In the low current "off" state of the device, the center
junction is reverse biased while the other two junctions are slightly
forward biased. The current through the center junction is composed

of three components,

(1) The normal reverse bias current of a p-n junction, ICO(V).

(2) The fraction of the hole current at junction 1 which is col-

lected at the center junction , MﬂaN IC.

(3) The fraction of the electron current at junction 3 which is

collected at the center junction, Mpaf IE'

The quantities e and o, are the dc alphas of the n-p-n and the p-n-p

sections treated as transistors. Mn and Mp are the multiplication

I
———
3 2 1
IE
-_— —
o— p n p n —
+
1
g2 Igl

Fig. A-1. Basic p-n-p-n Structure.
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factors for electrons and holes. The current at the center junction

is then
1= ICO(V) + Mn(V)aN IC + Mp(V)ocP IE . (A.1)

The currents Igl and Ig2 are normally taken as the independent vari-

ables and the current equation written as

= .2
I ICO(V) + Mn(V)orN(I + Igl) + Mp(V)ocP(I + IgZ) (A.2)
Equation (A.2) can be solved for I and gives

L= ICO(V) + }'In(V)or.[\]Igl + MP(V)QLPIEL2
1 - Mn(V)aN - Mp(V)aP

(A.3)

The ~lphas, Qﬁ and ap’ are functions of the currents at junctions 1

and 3, respectively; i.e.,

oy =@+ 1I,4) .,

A.4)
O% = oLP(I + IgZ)
It is obvious from Eq. (A.3) that I becomes very large as
Mn(V)oN(I + Igl) + Mp(V)aP(I + Igz)-» 1. (A.5)

The I-V characteristic described by Eq. (A.3) is a double-valued func-
tion of I because of the dependence of e and o, on I. A typical
characteristic is shown in Fig. A-2. The coordinates of the switching
g? VS. A

g’ VS and Ih’ Vh' The

point separating the high and low impedance states are 1
negative resistance region occurs between I

switching point can be shown to occur when

= A.6
1~1n(vs)o¢m(1S + Igl) + Mp(Vs)apo(IS + Ig?_) 1, (A.6)




Fig. A-2. Typical I-V Characteristic of p-n-p-n Diode.

where Ao and apo are the small signal alphas of the n-p-n and p-n-p
regions. Equation (A.6) combined with the equation

_ IooUg) + Ty (Voq(Tg + ) + LM, (Vg)ap (T + 1), (A.7)

Ig T - W (oo (I + L) - B (Va5 (g + I_,)

determines the switching coordinates IS and VS' For an alpha which

increases with current, it can be shown that

%o 2% - (A.8)

The case of Igl = Ig2 = 0 is of interest here, and gives

ICO(V)
T TN WMoy @ - M (NG (D

I (A.9)

A5
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The function ICO(V) has the approximate form:

\'
To™ = 1,67

n vy (A.10)

where M(V) is the multiplication factor for the center junction, VB

is the breakdown voltage, and Io is the reverse bias current at the
center junction with no multiplication extrapolated to the breakdown
voltage. This is illustrated in Fig. A-3, Normalizing the voltage in
this manner at VB is done for convenience only. The parameter n is
typically between 2 and 3. The multiplication factor is assumed to

be of the form

M@V) = —2t (A.11)
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Fig. A-3. Reverse Bias Current vs Reverse Voltage.
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Four-layer diodes can be conveniently divided into two major
classes depending upon the sum of the alphas at the current Io' For

the case where
ocno(Io) + ozpo(Io) <1, (A.12)

significant multiplication must occur in the diode before Eq. (A.6)
can be satisfied, hence, the switching voltage is approximately the

breakdown voltage of the center junction. For the case where

ano(Io) + ocpo(Io) >1, (A.13)

the switching condition given by Eq. (A.6) can be satisfied with little
multiplication in the diode. For this case, the switching voltage is
less than the breakdown voltage of the center junction. Typical char-
acteristics of the different types, indicated type A and type B, are

shown in Fig. A-4,

A ocno(Io) + ocpo (Io) <1

type A

J

ozno(Io) + oepo(Io) >> 1

In I

type B

\

A% v

Fig. A-4. Typical I-V Characteristics.
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For most applications of p-n-p-n diodes, high switching voltages
are desirable and consequently most commercial devices have
ano(Io) + apo(Io) << 1. For these devices, the threshold voltage is
essentially the breakdown voltage. Junction breakdown voltage is
fairly insensitive to stress and thus type A devices are not good diodes
for stress transducer applications. On the other hand, the switching
voltage of type B devices is very sensitive to changes in the alpha
of the various sections and consequently devices of this type are suited
for stress transducer elements. It should be noted that a type A de-
vice can be converted to a type B device by applying a gate current to
a p-n-p-n switch and thereby increasing the alpha of one of the transistor
sections. Further discussion is limited to devices for type B where the
threshold voltage is less than the breakdown voltage. For this case,
multiplication is relatively unimportant and

- Lo ™
= 1-0(1 - %(I)

. (A.14)

The current at which switching occurs is determined by the equation:

o (I) + apo(IS) ~ 1. (A.15)

A model for the p-n-p-n diode with a small area under stress is
shown in Fig. A-5. The stress is assumed to be applied uniformly over

an area AS. In an analysis similar to that leading to Eq. (A.l), the

total current is

I-= I1 + 12 = ICO(V) + aP Ial + aNICl

(A.16)
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Stressed Area

Fig. A-5. Model for Stressed p-n-p-n Diode.

This can be solved for the total current as

I..(W
1= go - ) (A.17)
I c1 a2 G2

al ? ooyl =4
-7 -%7T %71 %K1

For the most general stress case, the alphas depend upon the stress and
current densities in the various regions. Also, the ratios Ialll,
ICI/I’ etc., can depend upon the stress as well as total current.

The effect of stress on the élpha of a p-n-p transistor can be

calculated by considering the current components:

]
L]

o LyG@) exp (qV/kT) ,

Inp Izy(dp) exp (qQV/kT) , (A.18)

Igo = L7 @) exp (qV/2kT) ,
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where 7(0n), W(UP)’ 7(0J) give the effects of stress on the current

components., The current ISC is the space charge region generation-

recombination current. The total current is then
2
I= [Ily(on) + Izy(op)] z° + I3 7(0J) zZ, (A.19)

where
Z = exp(qV/2kT) . (A.20)
The solution of this equation for Z is

Lyy (o)

= 2[I;70 ) + IZV(UP)]

(I + 8 1/1+14%.13 (A.21)

whrre

2
2 I3 7(0J)

j . I* = (A-22)
| [17@) + I,7(0,)]
The dc and small signal alphas are
p*I
o = —P8
I b
(A.23)

where B* is the base transport factor which is assumed to be independent

of current. Evaluation of the expressions for alpha in terms of I gives

1
Q=0
®1+2[Q+8 I/I*)l/z-ll'1
(A.24)
1
oco=ozoo [1 - 1/2]

(1 + 8 I/I%)
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where

117(0n)
a = B% . (A.25)
0 117(0n) + 127(op)

For the case of uniform stress across the emitter junction, i.e.,

g =0_=20

n p I it is seen that I* and O are independent of stress. At

a given current level, then alpha is independent of stress. For non-
uniform stress across the junction, such as Gp > GJ > S o decreases
with stress, since I1 >> Iz= I* first increases and then decreases as
stress is increased for the above case. The behavior of alpha at a
constant current level is then a complex function of stress. At suf-
ficiently large stress alpha decreases. In the limit of 0. =0_=0

J n
and op # 0, both I* and a_ decrease with increasing stress.

The behavior of p-n-p-n diodes under general stress is very com-
plicated, therefore, some simple cases are considered. The first
case is that of uniform stress over the entire diode, i.e., (AS = AT).
As discussed above, the alphas for this case depend only on the cur-
~ rent and not on the stress. The only stress dependent term in

Eq. (A.17) is then ICO’ the reverse bias current of the center junc-

tion which at the switching point gives

VS 1/n
Io(‘{,;) [7() ]

s =12 oﬁ(Is) - aP(Is) s (A.26)

1/2

I

where the stress dependence of ICO has been taken asw 7 . Since the

alphas are independent of stress, the switching current is independent

of stress and
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I

Vg = VB{Ei[l - (1g) - OLP(IS)]}n [y (0) 17™/2

or (A.27)

Vg« @12

Since y increases with stress, the switching voltage is seen to de-
crease with stress,

When a small region is stressed such as shown in Fig. A-5, the
current is no longer uniform over the diode, The lowered band-gap
in the stressed area causes a larger fraction of the total current to
flow in the stressed area, and a corresponding smaller fraction of the
to al current in the unstressed area. The increased current in the
stressed area increases the alphas of the stressed area leading to
further increases in current. The increased current density in the
stressed area might be expected to give a lower switching voltage,
however, this is not necessarily the case since the total current is
that through both the stressed and unstressed areas.

Further complications arise when a small area is stressed due to
non-uniform stressing of the junctions. Stress over small areas is
normally applied by means of an indenter point which gives an atten-
uation of the stress with depth from the surface. To illustrate
this case, assume that the force is concentrated mainly on the p side
of the upper junction in Fig. A-5. For this case, stress causes an
increase in the injection of electrons into the upper p region. This

decreases Q% and the effect can be represented as a stress dependent




Al3

gate current bypassing the upper p-n junction. This is illus-

trated in Fig. A-6. This increased current acts to suppress the

switching action just as a gate current in the same direction would

do. Thus, under these conditions, the switching voltage would increase.
As the above limiting cases illustrate, there are several com-

peting processes in operation for most practical stress conditions.

Some of these factors tend to give a decreasing switching voltage

with increasing stress while other factors have just the opposite

effect. The switching voltage can thus be expected to decrease or

increase depending on the relative importance of these factors.

’) 1

I A
P || L. As
n
P
n

Fig. A-6. Effect of Small Area Stress with Rapid Stress Attenuation
from Stressed Surface.
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The important factors are:

(1) Non-uniform stress applied to the various junctions.

(2) Different current densities in the stressed and unstressed

areas.

While the case of a general stress has not been analyzed in detail
here, the following general conclusions can be drawn. For the case
where the stressed area and total area do not differ greatly, the
switching voltage should decrease with increasing stress. For the
case of stressing a very small area with an indenter point, the
switching voltage should increase with increasing stress. The changes
with stress in either case can be rather large. Practical stressing
ar-angements are often between these extremes and can give either in-

creasing or decreasing switching voltage as stress is increased.
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Appendix B

(Published in the September 1966
issue of the Journal of Applied Physics)

Some Effects of Mechanical Stress on the Breakdown

Voltage of p-n Junctions

J. R. Hauser and J. J. Wortman
Research Triangle Institute, Research Triangle Park, North Carolina

Various factors determining stress induced changes in the break-
down voltage of Ge and Si p-n junctions are discussed. A model is
developed which accounts for the multivalley band structure of semi-
conductors such as Ge and Si. Analytic expressions are developed
for the change in breakdown voltage, AN/VB, as a function of a general
stress. For Si, a linear decrease in AN/VB with increasing stress is
predicted. The proportionality factor is of the same order of magni-
tude as the band gap dependence on hydrostatic pressure. For Ge, an
initial increase in AN/VB followed by a decrease at high stress levels
is indicated. The model is shown to be consistent with reported experi-

mental data.

This work was supported in part by the National Aeronautics and Space
Administration under Contract No. NASr-222.
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I. INTRODUCTION

Several investigations have shown that mechanical stress can
induce reversible changes in the electrical characteristics of p-n
junct:ions.l—-5 In these investigations, large anisotropic stresses
have been introduced into the junctions of diodes and transistors
resulting in large changes in saturation currents of diodes and in
current-gain for transistors. These changes have been attributed
to stress induced changes in the energy band structure of the material
and in particular to changes in the band gap.6 Recent experimental
investigations have shown that the reverse breakdown voltage in Si and

Ge diodes is also stress sensitive. °

The breakdown voltage in Si
is found to be linearly related to uniaxial compression stress,

while in Ge, the breakdown voltage is found to be a more complex
function of the stress. The stress coefficient in Si is approximately
equal to the coefficient found for band gap lowering under hydrostatic
pressure. In Ge, the breakdown voltage is found to increase and then
to decrease as stress increases.

The purpose here is to discuss the effects of multiple energy bands
on the stress dependence of breakdown and to evaluate the order of
magnitude of these stress induced changes in the breakdown voltage of
Ge and Si diodes. A theoretical discussion is given which is based on

Shockley's "Simple Model for Secondary Ionization"9 and the stress induced

changes in the energy band structure of semiconductors.
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II. THEORY

A. Simple Ionization Model

The ionization model to be discussed here for the unstressed
junction was introduced by Shockley.9 The model is empirical in
that it involves four-parameters, three of which are adjustable. It
includes neither the energy band structure for energies greater than
1l ev from the band edges ncr the effective masses of hot carriers.
However, the model is found to be in reasonable agreement with
experiment.

In the unstressed crystal, the four parameters of the model

are as follows:

tj
"

Energy of the "Raman' vibration mode.

o
L]

R Mean-free-path between scattering by 'Raman'" modes.

Ei = Threshold energy measured from the band edge above which
a carrier may produce a hole-electron pair.
Li = Mean-free-path between ionizations for a carrier with

energy greater than Ei'
Using these parameters, an electron with energy greater than Ei
generates on the average Li/LR phonons per ionization. In the low
field limit, which has been shown to be valid for Ge and Si, the average

number of scattering events, C, per ionization is

t

i
C=c= exp(Ei/qLRF) , (1

s

*
where F is the electric field. The average energy, Ei’ gained from

the field by the carrier per ionization is then
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L.E

i R
5 Ly eXp(Ei/qLRF) , (2)

or
%*
Ei = a exp(b/F), (3)
where a and b are constants of the material.
The secondary multiplication coefficient, a(F), is
qFL

_ R
=1 % exp(-Ei/qLRF) . (4)
iR

a(F) =

=)

To extend the model to a stressed semiconductor, the effects of multiple

conduction and valence levels on the ionization process must be considered.

B. Strain Dependent Ionization Theory

Mechanical strain has the effect of altering the energy band
structure of semiconductors. The effects of strain on the conduction
and valence band edge points for Ge and Si are reviewed in Appendix A.
Under a general strain, the valence band edge not only shifts in energy,
but also splits into two levels. The conduction band edge points also
shift in energy both relative to the valence levels and to each other.
The net results are different energy gaps depending on which valence
and conduction band edge points are used to calculate the gap.

In the unstressed crystal, it is not necessary to know the exact
dependance of the ionization energy on the energy band structure since
this can be determined experimentally. Shockley assumes that for Si,

10,11

Ei is equal to the band gap.9 Most investigators, however, find

a better fit of theory to experimental data using an Ei slightly
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larger than the band gap. This is particularly true in Ge. To
obfain the numerical results for the effect of stress on breakdown
voltage, a model which relates the ionization energy to the energies
of the variéus bands is required. Such a model is discussed in a
later section. For the present general development more general
assumptions about the ionization process are sufficient.

Consider electron ionization first. In this ionization process,
a hot electron in one of the conduction winima (<111> directicn minima
in Ge and <100> direction minima in Si) excites an electron from one
of the valence bands to one of the conduction levels. The result
being the creation of an electron-hole pair. The ionization threshold
energy is the minimum energy at which the above process can occur.
This energy is expected to depend upon the shape of the energy bands
in which the ionizing electron and the created pair are located as well
as the band edge point energies of the various bands. In the unstressed
crystal, all the conduction minima are located at the same energy so
there can be only two different threshold energies--one associated with
the heavy hole band and one associated with the light hole band. With
a stress condition, the conduction levels are split in energy and
consequently the threshold energies for the various nondegenerate con-
duction levels should be different.

Here it is assumed that the ionization threshold energy depends
upon the conduction level in which the ionizing hot electron is
localed and the valence level in which the created hole is located.

This assumes that the created electron is located either in the same
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energy minimum as the hot electron or is located in the equivalent
energy minimum in the opposite direction in k-space. This is a
reasonable assumption, since crystal momentum can be more easily
conserved in this process.l

An ionization threshold energy Enm can then be associated with
each of the combinations of valence and conduction levels, where n
denotes the conduction level and m denotes the valence level. There
are six such combinations for Si and eight for Ge. Each of the ioni-
zation processes may also have a different mean free path denoted by
L .

nm

It will be assumed here that LR and ER are not functions of stress,

and that LR is the same for all the conduction band minima.
Using the above definitions, the number of ionizations which

leaves a hole in the valence level m and an electron in conduction

level n per scattering event, is denoted by l/cnm' From Eq. (1) this is

-
o

El— = exp(—Enm/qLRF) . (5)

]

nm nm

The total number of ionizations per scattering event is obtained by
summing over the ionization processes for a hot electron in a given
conduction minimum and then averaging over the conduction levels. In
averaging over the conduction levels, l/Cnm must be multiplied by the

fraction of hot electrons nhn/% n in each conduction minimum. The

hn’

average number of ionizations per scattering event is then
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B Y LR
T n o z T exp(—Enm/qLRF)
1 n=1 m=1 nm
c= 8 ) (6)
L
1 "hn

where vy is the number of valence levels and 8 is the number of conduction
levels.

The evaluation of the above formal expression requires an assump-
tion on the distribution of hot electrons among the conduction levels.
This distribution of hot electrons depends upon the importance of
intervalley and intravalley scattering. If intervalley scattering is
negligible, the conduction minima can be considered as independent of

each other and

n exp(-Ecn/kT) , SNGA)

where Ecn is the band edge energy of the conduction level. This is

just the equilibrium distribution of electrons among the valleys. On
the other hand, if intervalley scattering is predominate, the electrons
are more uniformly distributed among the levels because of the increased
effective temperature of the hot electrons. On the basis of Shockley's
model for ionization, the hot electrons in a given conduction minima

are distributed in energy according to the relationship
n(E) « exp(—E/qLRF) . (8)

When intervalley scattering dominates, one would also expect this
distribution to hold for electrons among the conduction levels and

in this case
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n oo exp(—Ecn/qLRF) . . 9)

To keep the assumption more general, the hot electrons are assumed to

be distributed among the valleys according to the relationship

n_ o« exp(—Ecn/El) , (10)

where El equals kT and qLRF for the cases considered above. As is

subsequently shown, the low stress case and the very high stress case

are independent of the choice of El'

The total number of ionizations per scattering event then becomes

8 Y LR
E exp(—Ecn/El) L1 exp(—Enm/qLRF)
i _n=1 m=1 "nm (11)
C R '
nil exp(—Ecn/El)

The secondary multiplication coefficient for electrons is then

given by

1
oFL I exp(—Ecn/El) z T exp(—Enm/qLRF)
Rn m nm (12)
ER i exp(—Ecn/El)

a(F) =

The value of an in Eq. (12) may be different for holes created
in the lower valence level as compared to holes created in the upper
valence level. One would also expect an to be slightly dependent
upon the direction of the applied field. For example, if the applied
field is along a conduction valley direction, one expects a smaller
value of an for an electron created in the energy minimum along the

field direction than for the other energy minimum. The difference

between these values depends upon intervalley and intravalley scattering
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of hot electrons. If there is sufficient scattering to produce
essentially a random distribution of the hot electrons both in

andamong the conduction valleys, an should be essentially the same for
all valleys. Sufficient information is not available to permit a
detailed evaluation of this parameter. It is also noted that an is

a linear factor influencing a(F), while the ionization energy Enm is
exponentially related to a(F). Thus small changes in Enm tend to be
more important in determining o{F)} than small changes in an. It

will therefore be assumed that an is the same for all ionization pro-
cesses. This assumption makes the stress dependence of the secondary
multiplication coefficient independent of the direction of the electric
field.

For Ge with an electric field in the [100] direction, the component
of electric field along each of the valley directions is the same, and
the assumption of a constant an for all the valleys should be valid.
The assumption should be least valid for a field in the <€111) directionms.
For Si, the assumption should be most accurate for a field in the [111]
direction and least accurate for a field in the [100] direction.

Assuming that an is constant, it can readily be seen from Eq. (12)

by considering the unstressed case (Enm = Ei) that

an = yLi . (13)

Equation (12) becomes

B E OB /B - B /el
E Liy % exp(-Ecn/El)

a(F) = . (14)
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This is the basic equation used to describe stress dependent voltage
breakdown, when electron ionization is the dominant process.

Although the concepts for hole ionization are similar to electron
ionization, there are important differences in the details. If the
difference in effective mass for the two hole bands is neglected and
the ionization energy is assumed to depend only upon the band on which
the hot hole exists and upon the conduction minimum to which the
election is excited, the evaluation of hole ionization is very similar
to that for electron ionization. The difference is that the average
numnber of ionizations per scattering event is obtained by summing over
the conduction levels and averaging over the valence levels. This
leads to the expression

qFLR % g exP(Evm/El B Enm/qLRF) (15)
9
ERLiB % exp(Evm/El)

a(F) =

where Evm is the energy of the valence levels.

The large difference in density of states or effective mass for
the two valence bands, especially in Ge, makes the neglect of these
differences in the above expression open to question. There are,
however, factors which make the above expression a better approximation
than it would at first appear. First, the average energy of the holes
is on the order of ER which is larger than the thermal energy and, for
large energies, the density of states for the two bands become more
‘equal. In Si the density of states are not too different for energies

larger than about 0.02 ev.13 For Ge the energy is considerably larger.

A second factor for unequal hole masses is that LR 1s different for the
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two bands. TFor a single spherical energy band, LR has been shown to
depend upon the mass as m—z.14 This partially compensates for the
difference in the density of states of the two bands. The compensating
effects in the two bands can be thought of in the following manner.

The holes in the '"1light" hole band are more rapidly accelerated than

the "heavy"

holes to energies sufficient to produce optical phonons or
to produce ionizations. Thus, while there are fewer holes in the light
hole band, they undergo scatterings and produce ionizations at a faster
rate which tends to produce some compensation. Here the purpose is

to discuss the major features of stress effects on breakdown so that

the simple expression of Eq. (15) is sufficient.

C. Strain Dependent Breakdown

Zven when the ionization coefficient is known, the calculation of
the breakdown voltage of a p-n junction is difficult, especially when
the jonization coefficients for holes and electrons are unequal.l
Including the effect of stress further complicates the calculation. A
simplifying approximation is made to obtain a tractable model. Because
of the exponential dependence of a upon 1/F, the major contributioms to
o come from the depletion region near the maximum field point. Let o
be the value of o at the maximum field point, and consider the effect
of stress upon a - If the maximum junction field is unchanged when
‘stress is applied (i.e. if the junction voltage is unchanged), the
ionization coefficient changes and hence the current multiplication

factor for the junction changes. On the other hand, if o is to remain
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constant under stress, the maximum field must change. The approximation
wnich is made here is that at a constant current multiplication factor
for the junction, the maximum junction field is changed such that a
remains constant. The following development is for electron ionization;
the corresponding development for hole ionization is similar.

To obtain the change in maximum field required to keep o

constant, let

Enm(c) - Ei +'AEnm ’ (16)

and

F

F+ OF , 17
where Ei and Fo are the unstressed values and Enm(o) is the stress
dependent ionization energy. Then for electron ionization neglecting

second order effects,

qFo AF LR
o (F_ + 4F) = E (1 + :F;) L exp[-E, (1 - AF/F )/qLyF ]

(18)

R R e By - o8 JalE)

g exp(—AEcn/nl)

By equating this to the unstressed value of am(Fo), it is found that

- - L_F
1= (1 +25) 2 exp(E,aF/qL F2) B & P (tFeq By - hy/dlgFy)
F,) Y L S I exp(-4E_ /E,)

. 19)

This expression relates the change in the maximum junction electric
field to the stress induced changes in the energy levels.
To obtain the change in junction voltage at a constant current

multiplication factor, the change in maximum junction field must be
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related to the junction voltage. The maximum field is proportional

to Vl/2 for a step junction.15 Thus for small changes

AV AF
v.T2F (20)
B o]

where VB is the unstressed breakdown voltage at a constant current level.
For most p-n junctions, the step junction approximation is reasonably
accurate at large reverse bias.

For small changes in the breakdown voltage (AV/VB << 1), Eq. (19)
can be solved for the change in breakdown voltage to give

I % exp(~AE__/E, - AE__/qL_F )
AV 2 %l n m cn’ 1 nm’ R0 } . (21)

8V _ in
VB (1 + Ei/qLRFO) Y g exp(-AEcn/El)

For hole ionization a similar development leads to

L exp(AE__/E. - AE__ /qL_F )
AV 2 In fl nm P i/ nm R o } - (22)

Vo (1 + Ei/qLRFo) B % exp(AEvm/El)

In the low stress region (AEnm/qL Fo << 1 and Ecn/El << 1), the

R

equations for both electron and hole ionization simplify to

AV 2 1
- = Z AE_ ., (23)
Vo qLRFO(l + Ei/qLRFo) Y8 n,m  nm

In this limit, the factor (1/vyR) & AEnm is the simple average 6f the
changes in the ionization threshold energies.

To carry the development further and obtain numerical results
requires a model for the changes in the ionization threshold energies

with stress. One assumption is that the ionization threshold energy
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is equal to the band gap. This implies that momentum is supplied by
phonons. Neglecting phonon assisted processes the ionizing electron
must have both enough energy to create the hole-electron pair (Eg) and
also enough excess energy to conserve both momentum and energy between
the single incident particle and the three final particles. For a
direct band gap material the minimum energy is readily found to be
3Eg/2' For an indirect band gap material such as Ge and Si, it has
recently been shown12 that a consideration of energy and crystal

momentum conservation leads to an expression of the form

E, » k) + Kk, Eg, (24)

where kl and k2 are constants depending in rather complex ways on the
effective masses of the three particles. The effective masses enter-

ing into kl and k2 are not the band edge effective masses, but are

the masses which give the best fit to the energy bands over the energy
range from zero to the ionization energy. Based upon this model, the

ionization threshold energy between a conduction level and a valernce

level is

Eon = k, o+ k2(Ecn - Evm). (25)

This is the model used in this work to relate the band structure to the
ionization energy.

Stress can have two effects on Enm as defined above through

changes in the energy levels (Ecn - Evm) and through changes in the

shape (or effective mass) of the energy levels which results in changes

in kl and k2' The effect of stress on the band edge energy levels is
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known but the effect of stress on the effective mass of the bands
especially at large energies has not been as thoroughly investigated.
Some work has been done on the effective masses near the band edges,
but the effective mass at large energies probably changes less than
near the band edges, especially for the hole bands. Near the band
edges there is no first order change in the effective mass with stress

for electrons.lé’17

Also under compression stress in the [100] and
[111] directions there is no first order change in the effective mass
of the lower valence level.18 Based upon the above facts, k1 and k2
have been taken as independent of stress for our first order model and

the changes in ionization energy are taken to be
AEnm = kZ(AEcn - AEvm). (26)

For equal hole and electron masses, k2 is 0.59 for electron ionization

in Ge and 0.63 for hole ionization in Ge and for both electron and hole
.. . . . 12
ionization in Si.

Using the above model for ionization, the change in breakdown

voltage at low stress is given from Eq. 24 as

2k KP qL, F
AV 2 R o,-1
= —= 0 27
A E Q-+ E. > 27

B i i

where K is the coefficient relating the change in band gap to hydrostatic
pressure and P is the hydrostatic component of stress.
Typical values of the parameters in Eq. (27) are listed in Table I.

Using these values, Eq. (27) reduces to
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TABLE I: Typical Values of K, Fo’ L

and E, in Ge and Si
R i

K(lO_lzev cmz/dyne) Fo(lo5 volts/cm) LR(A°) Ei(ev)
si -1.52 5P 50-70% 1.358
Ge  5.0° 0.82° 65 1.0f, 0.938

Phys.

[9]

W. Paul and G. L. Pearson, Phys. Rev., 98, 1755 (1955).

b. Ref. 9

c. R. Yee, J. Murphy, A. D. Kurtz, and H. Bernstein, J. Appl.
30, 596 (1959).

d. Ref. 10

e. P. W. Bridgman, Proc. Am. Acad. Arts Seci. 79, 129 (1951).
f. Values calculated for electron ionization, Ref. 12.

g. Values calculated for hole ionization, Ref. 12.
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Si: —%‘l = -1.2 x 107%%p cmz/dyne, (28)
B

Ge: T =6.0x 107%p em®/dyne. (29)
B

is

As can be seen from Eq. (27), at low stress levels, AV/VB

independent of stress orientation .since only the hydrostatic component
of stress remains in the expressions. It is significant that at low
stress levels, AV/VB has an opposite sign for Ge and Si.

Returning to Eq. (22), it is seen that in the high stress case,
the minimum conduction level and the maximum valence level will pre-
dominate, i.e., the AEnm with the largest negative value. The
corresponding AECn is negative. In general for uniaxial compression
stresses at least one of the AEnm's will be negative for both Ge and
Si. Taerefore, for high stresses, AV/VB decreases for both materials,

and is independent of the value of E This is true for both electron

1
and hole ionization.

For a given value of the ratio El/qLRFO, the change in breakdown
voltage under stress can be calculated from Egs. (21) and (22) for
electron and hole ionization respectively. To account for the increased
effective temperature of the carriers in the high field, the value
El = qLRFo has been used in most of the calculations. The following

deformation potentials were used in evaluating the shifts in the energy

levels (see Appendix A):
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Ge Si
D = 3.15 D = 2.04
u u
D/ = 6.06 D/ = 2.68
u u
£ =19.2 E =11
u u
D, - (Ed + Eu/3) = 4.82 Dy - (Ed + Eu/3) = -1.44

The calculated changes in breakdown voltagé in Ge with stress for
electron and hole ionization are shown in Figs. 1 and 2 for uniaxial
stresses in the [100], [111], and [110] directions. The curves are
plotted in terms of a normalized stress and a normalized voltage change

given by the expressions

/=
o (Eg/qLRFO)O,
(30)
Bi, v

..__1_)
qLRFo 'VB

/
B

The curves illustrate the increase in breakdown voltage in Ge at low
stresses, independent of the stress orientation, and the decrease in
breakdown voltage at large stress values. It is also noted that for
electron ionization, the changes for the [100] direction require
approximately an order of magnitude larger stress than the other two
directions.

A comparison of the theoretical changes (for electron ionization)

in breakdown voltage for two values of E, are shown in Fig. 3. The

1

two values of El are kT and qLRFo. It is recalled that the value kT
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corresponds to completely isolated conduction minima with no intervalley
séattering. The two cases are seen to have the same general behavior
for the two values of qLRF0 shown.

Similar curves to those in Figs. 1 and 2 can be obtained for Si.
In this case, however, there is only a decrease in breakdown voltage
at both low and high stress. It can also be seen from Table I, that
the normalization factor (Eg/qLRFo) has the typical value of 12.2 for
Ge and 3.4 for Si. This means that the iuw stiress approximation is
valid to higher stress levels in Si than in Ge. 1In fact for practical
stress values (values up to 10lo dynes/cmz) the low stress approxima-

tion is valid.

IIT. COMPARISON WITH EXPERIMENT

The theory developed in the preceeding sections gives the change
in the junction breakdown voltage as a function of stress for a
constant multiplication factor. When making measurements on practical
devices, one measures the applied voltage which differs from the junction
voltage by the built;in potential. The effect of stress on the built-in
potential is discussed in Appendix B. It is shown there that if VB is
large (>10 volts), then the changes in the built-in potential can be
neglected compared to changes in the junction voltage.

When comparing experiment to the present theory, one must keep in
‘mind that the voltage must be measured at a constant multiplication
factor. The voltages cannot be measured at a constant current level

unless the constant current level is several orders of magnitude above
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the saturation current. The reason this is necessary is that the

saturation current is also stress sensitive. The multiplication factor,

M is related approximately to the applied voltage, V,, by19

M= 1 , (31)

n
1l - (VA/VB)

where n is a constant for the device. The diode current, I, is given by
I= ISM , (32)

where IS is the reverse saturation current. Combining Eqs. (30) and (31)

gives
vV, =v. (1 -1 /D" (33)
A B s '
It M > 1,
1 Is
VA = VB(l -0 I_) . (34)
Neglecting second order terms, the relative change in the applied
voltage at constant current is
ﬂz AV _ E.S_ (35)
\Y v nl °
B B

The change in applied junction voltage is then less than the
change in the breakdown voltage by the factor VBAIS/nI. This is negligible
only if nl is large compared with AIS. Using Eq. (35), AV/VB can be
evaluated from an experimental plot of current versus voltage as a
function of stress if AIS is known as a function of stress. For a
-uniformly stressed junction in which the total junction area is stressed,

. 6
AIS/ISo is given by
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AT | AE - AE
L I exp( £n
I Y8 P kT

My -1 = (f(o) - 1) , (36)

where Iso is the unstressed saturation current. This gives the

following expression for AVA/VB

Av
A, WV (£(0) = 1)

Vg V3

where MO is the multiplication factor between the unstressed saturation

current and the current at which VA is measured.

In Si, it has been found experimentally that uniaxial compression

stress causes a linear decrease in AVA/VB by the factor7’8

AVA

VB

2

=~ (-1 x 10_l cm2/dyne) o, (38)

where o is the magnitude of the uniaxial stress. The theoretiéal
proportionality constant is -0.4 x lO—lzcmz/dyne from Eq. (28) where
o = P/3. The theoretical value was calculated using the value
-1.5 x lo_lzev cmz/dyne for the hydrostatic pressure dependance of
the band gap. Although this value is normally used, there is some
variation in it depending on the method of measurement and the stress
level.zo In fact, it has been shown that the coefficient is stress
dependant and at high stress levels, it is approximately
-2.5 x 10'12ev cmz/dyne.Zl Using the laﬁter value gives a propor-
tionality constant in Eq. (28) of approximately -0.67 x 10_12cm2/dyne.
As predicted by the theory, very little if any variation in the

. . . 7,8
phenomenon with crystal orientation is seen experimentally in Si."°
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Preliminary measurements on breakdown voltage changes with hydrostatic
pressure have given results which were an order of magnitude smaller
than those for uniaxial stress.8 The present theory predicts that
the voltage changes induced by hydrostatic pressure should be three
times those of uniaxial stresses. At the present time, there is no
explanation for these results.

Rindner has made measurements of the breakdown voltage change
as a function of uniaxial stress in Ge diodes.7 The experimental
points in Fig, 4 are the results he obtained from a [110] and a [100]
uniaxial stress. The solid curves in the figure were calculated using
the theory for hole ionization. The hole ionization curves were
used because the secondary multiplication factor for holes is larger
in Ge. The normalizing factor Eg/qLRFo was considered as an adjustable
parameter in fitting the theory to experiment. The values needed to
fit the experimental data are approximately 8.5 and 16 for the [110]
and [100] directions respectively. These values are in good agreement
with the value of 12.6 calculated from the data in Table I. Attempts
to fit the theory to published experimental data taken for [l111] oriented
uniaxial stress7 have been less successful. It should be noted that
the data can also be made to agree with the theory for electron iloniza-
tion by a suitable choice of LRFo' For the [100] direction, however,

an unreasonably small value of L Fo is required to produce a good fit

R
to the data. It is difficult to draw too many conclusions from these
comparisons without knowing the repeatability of the experimental

results and the conditions under which the data was obtained. As
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shown in Fig. 4, the experimental results and theoretical curves
deviate from each other for low stress levels. This could result
from nonuniform breakdown in the junction due to microplasma and

surface effects.

V. DISCUSSION

The theoretical model for stress induced changes in breakdown
voltage is in generally good agreement with experiment. 1In view of
the simple model used for breakdown and the assumptions necessary to
arrive at an analytical expression for the effect, it is surprising
that the theory.agrees as well as it does. The fact that the theory
predicts an orientation dependance in Ge but no such dependance in
Si in agreement with the experimental observations, lends considerable
support to the theory.

Care must be exercised when comparing the theory to experiment
since most practical devices do not exhibit uniform breakdown. Also,
it is difficult to determine what percentage of the multiplication
factor results from hole ionization as compared to electron ionization,
These factors are necessary to make accurate comparison between theory
and experiment. The comparison for Ge made in the preceeding section

was based on the assumption that the ionization energy is that of holes.
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APPENDIX A

Both Ge and Si have multiple conduction minima in k-space. Ge has
eight such minima which lie in the <111> direction and are located at
the Ll point in k-space while silicon has six conduction minima which

occur in the <100> direction and are located approximately 857% of the

distance from k = (000) to the X, symmetry point. The maximum valence

1
levels, FéS, for both Ge and Si are located at k = (000). The F£5 level
is degenerate in energy. If the crystal is mechanically deformed, the
crystal symmetry and the lattice spacings are altered and hence the
energy bands change.

Herring and Vogthave considered the effect of mechanical strain
on the conduction minima in both Ge and Si.22 The results of their
work are summarized in Table II. The valley directions are identified
by the subscripts on the conduction energy level changes AEC'S. The
Z's are deformation potential constants and the e's are conventional
strains. Table III lists some of the values of the deformation
potential constants. The values appearing in brackets are theoretical
values calculated by Kleinman et 511.23-25

The effects of mechanical strain on the valence levels of Ge and
Si are much more complicated than the effects on the conduction levels.
Kleiner and Roth have considered the effects of strain on the Hamiltonian
of the valence band edge.26 Diagonalizing their expression for the
Hamiltonian gives the following expression for the change in energy of

the valence level27
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2 2,2 2 2
4e i_[(3 Du) (e1 + e, +te, -ee, - e.e

AE = D g v ey - ege, - ejeg - egeg)

2
5

1/2

+% (D{l)z(ez + el 4 eé)] i (A1)

The D's appearing in the above expression are the valence band deforma-
tion potential constants. From Eq. (Al), it is seen that there is not
on.y a shift of the level due to Dd’ but also a splitting of the level
due to Du and Da, which removes the degeneracy. For convenience of

notation, let the upper band, positive sign of Eq. (Al), be AE,. and

V1

the lower band, negative sign, be AEVZ'
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TABLE II. Equations describing the change in the band edge points in
the conduction band of Ge and Si as a function os strain.
Valley
Band Edge Energy

Direction

Ge .
[111], [III] AE (54 + B /e + E (e, + e5+ e.)/6
(1113, [111] AE , Eq + E/3)e + E (e, - eg - eg) /6
[111], [T11]° AE 4 (B4 + E /e + E (e, + e5 - ec)/6
[111], [I11] AE_, (B4 + E/3)e + E (-e, - e; +e.)/6

S1i
[100], [100] AE S + Eeg
[010], [010] AE_, Ee + Ee,
[001], [001I] AE 4 Ee + E ey
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TABLE III. Deformation Potential Coefficients (ev/unit dilation) for
| Ge and Si. (Kleinman's theoretical values are shown in

brackets.)

Coefficient Si Ge
D, [-2.09] [-2.09]
a b

D, 2.042, [3.74] 3.15°, [3.74]
n/ 2.68%, [4.23] 6.06°, [3.6]
E | [-4.99] [-10.16]
5 116, 8.3%, [+9.6] 19.2%, [11.4]
=/ 5.7
u

- (= l:: - g _ g
D, = (4 +3 E) 1.448, [-0.30] 4.828, [4.27]

a. J. C. Hensel and G. Feher, Phys. Rev. 129, 1041 (1963).

b. J. J. Hall, Phys. Rev. 128, 68 (1962).

c. D. K. Wilson and G. Feher, Phys. Rev. 124, 1968 (1961).

d. J. E. Aubrey, W. Gubler, T. Henningsen and S. H. Koenig,
Phys. Rev. 130, 1667 (1963).

e. H. Fritzche, Phys. Rev.

f. J. C. Hensel and H. Hasegawa, paper presented at the Inter-
national Conference on the Physics of Semiconductors, Paris, July 1964,
and private communications.

g. W. Paul, J. Phys. Chem. Solids 8, 196 (1959).
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APPENDIX B: Effect of Stress on Vo'

The applied voltage differs from the junction voltage in reversed

biased junctions by the built-in potential, i.e.

V= VA + VO ’ (B1)

where V is the junction voltage, V

A is the applied voltage, and Vo is

the built-in voltage. Mechanical stress not only changes the junction
voltage, but it also can change the built-in voltage. The relative

change in the applied voltage at breakdown is

AVA AV AVo
AR A (82)
B B B

The built-in voltage for a step junction is
N, N

KT A'D

oy

when NA and ND are the acceptor and donar concentrations on the p and
n side of the junction respectively and n, is the intrimsic carrier

. 2
concentration (ni = pn).

Wortman, Hauser, and Burger have treated the effect of stress on

p and n.6 Using their results and forming the pn product gives
n? = pa = p 0 £(0) (B4)
i oo ’

when pono is the unstressed intrinsic carrier concentration. The factor

f(o) is given by
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AE - AE

£(0) = 5 T exp(— B0 (85)

The change in Vo divided by VB becomes

AV
;;43 = - —%1 n £(g). (B6)
B Vg

At room temperature qLRFo/Eg is approximately equal to kT for Ge so that
(87)

Therefore, for Ge, if VB is larger than several volts, AV°/VB can be
neglected compared. to AV/VB.

In Si, qLRFo is approximately 10 kT so that, except for hydrostatic
stresses, the exponential terms will contribute to the built-in poten-
tial at a lower stress level than they do for the junction voltage.
Therefore, if VB is not large, the change in the built-in potential can
reduce the change in the applied voltage. In fact, if VB is on the
order of one volt, the built-in potential change can dominate the applied

voltage change.
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Figure 1. Theoretical values of AV’/VB as a function of o/ for electrons

with stress in the [100], [011], [111] directions in germanium.
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Figure 2, Theoretical values of AV’/VB as a function of o’ for holes

with stress in the [100], [011], [111] directions in germanium.
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Effect of Mechanical Stress on p-n Junction Device Characteristics TI.

*
Generation-Recombination Current

J. J. Wortman and J. R. Hauser

Research Triangle Institute, Durham, North Carolina

A theoretical model is developed for the effects of stress
on generation-recombination cgrrents in p-n junctions. The
model is based on stress induced changes in the energy band
structure of the semiconductor and energy changes of the generation-
recombination centers. Experimental data taken on silicon mesa

diodes are presented which is in good agreement with the theory.
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I. INTRODUCTION

Two basic models have been postulated which attempt to explain stress
induced changes in the current-voltage characteristics of p-n junctionms.
The first of the models suggests the existance of reversible stress induced
generation-recombination centers.l’2 The second model proposes that
stress induced changes in the energy band structure of the material is
responsible for the oubserved phenomenon. The latter model is discussed
in the first paper3 (hereafter called I) for the case of the "ideal" or
Shockley current in p-n junctions. The analysis presented in I has been
found to agree well with experimental results provided the junction
current is of the "ideal" type.4

In silicon diodes, the junction current is often dominated by
generation-recombination currents. This is particularly true for reverse
biases and low forward biases. The presence of only generation-recombination
currents is some experimental devices and the presence of both the "ideal"
and generation-recombination currents in other devices complicate the
explanation of the observed effects of stress on the I-V characteristics.
A further complication arises when a device is stressed to the point
where dislocations (non-reversible) are introduced.

The bulk generation-recombination current in p-n junctions is
determined by the density of trapping centers, the trapping cross section
and their energy level relative to the conduction and valence levels.

It is the purpose of this paper to show that generation-recombination
current is altered by stress through changes induced in the energy band

structure of the semiconductor and the energy of the trap levels. Many
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of the observations which have been attributed to the creation of

reversible trap centers are explained by the model which is presented

in the following discussion.

II. MODEL

The Shockley-Read-Hall theorys’6 for the generation-recombination
process of single energy trap-centers is used. An expression has been
given by Sah, et al.,7 for the current resulting from generation-
recombination centers in a p-n junction. This expression must be
solved by numerical means. One of the authors (JRH)8 has developed
an approximate expression for the current which is easier to manipulate

and is adequate for the present purposes. This approximation is

qni WA [exp(qV/KT) - 1]

I = 9 (1)
r (Tpon1 + Tnopl) + (Tpo + Tno)ni exp(qV/2kT)

where W is junction width, A is junction area, To (Tpo) is the lifetime
of electrons (holes) injected into highly p-type (n-type) material,
pl(nl) is the density of holes in the valence (conduction) band when the
Fermi energy falls at the trap energy.

The parameters in Eq. (1) which are subject to change with stress

are n » Tho? P1s Ty and W. For the present purposes, it will be

T

i’ "po’ 'no

assumed that Tpo and Tno are not functions of stress-—at least in the
range where reversible stress induced current changes are observed. It

is well known that large stress can introduce dislocation which may

result in trap centers and consequently decreased lifetimes. It is

likely, however, at room temperature that most of these centers permanently
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remain in the crystal or if they change, they have a long time constant.
Implied in the assumption that To and Tpo are constant is the assumption
that the capture cross section is stress independent.

The effect of stress on the intrinsic carrier concentration, n,,
can be determined by considering the effects of stress on the energy band
structure. Since ni = pn, it is seen by forming this product from
Eqs.l(4) and (6) of I that ni = nio e There Y, [Eq. (9) of I] gives

the stress dependance and n o is the unstressed intrinsic carrier concen-

tration. At high stress levels Yy is related to stress as follows:

Y, =C, expCyo, (2)

\V
where C1 and C2 depend on the material and stress orientation and o is
the magnitude of the applied stress.

The width of the space charge region, W, is a function of the

junction voltage. For a step junction, the width is

We (V- V)1/2 R (3)

where Vo is the built~-in junction potential. For a step junction, Vo

is related to the intrinsic carrier density by

kT 2
Vo " g In(NN,/n7) , (4)

where Na(Nd) is the acceptor (donor) density on the p(n) side of the
junction. Since Vo is logarithmically related to changes in Pi’ the
1nf1uen§e of changes in Vo on W and hence the current will be small in
comparison with changes in n,.

This leaves only Py and n, to be discussed. These are given by5
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P = ni exp(Et - Ei)/kT (5)

and

=}
]

1=y exp(Ei - Et)/kT R (6)

where Ei is the intrinsic Fermi energy and Et is the trap energy.
Unfortunately, there is little information available on the effect of
a general stress on the trap energies of the many types of generation-
recombination centers. Stress induced changes in the trap energy
would, of course, be a function of the type of trap and its energy
with respect to the conduction and valence levels. Data has been
reported on the effects of hydrostatic stress on such impurities as
gold.9 A study of the effects of stress on the lifetime in bulk
semiconductors with known trap centers could lead to useful information
concerning the changes in 12 and n,. In the absence of this information,
it is not possible to predict the dependence of Ir on the stress except
in the large forward biased case where Py and ny cancel out of the
expression.
In the large forward bias case where
T

ponl + Tnopl

H]
ni(Tpo + Tno)

(qV/2kT) >> 1n

Eq. (1) reduces to

qn, WA

1
I, = exp(qV/2kT) . (7
no po :

Based on the foregoing assumptions and assuming W is approximately constant

(good for V < Vo)’ n, is the only stress dependant parameter. This gives
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Ir = Ior /Y—\) exp(qV/2kT) , (8)

where Ior is the unstressed generation-recombination current. If only
part of the junction area is stressed, AS, then

A
- Lt 8. _s
I = +At /?: I, exp(qV/2kT) . 9)

It should be noted that the stress that alters the generation-recombination
current is that which is located in the space charge region. This is
different from that of the "ideal" currents where it is the stress at
the edges of the space charge region that is important.
In the case of large reverse bias such that qV/kT << 1, Ir is
given by
qni W
I = - : (10)

r ThoP1 + Tponl

Assuming for the moment that IEt - Eil is independent of stress, I_

reduces to

_ 1/2
I = Igr fﬂ(v +V) , (11)

where Iér is a constant. It is unlikely that IEt - Eil is in fact constant.
On the other hand, it is unlikely that the trap energy shifts would change

in such a manner as to compensate very much for the changes in n,.

I11. COMPARISON WITH EXPERIMENT

In actual p-n junctions, the total current is the sum of the "ideal"
and the generation-recombination. (Surface generation-recombination
currents can be important, however, the preceding model is good only

for bulk generation-recombination.) The total current is then
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IT = II + Ir . (12)

Consider a p-n junction in which the total junction is stressed. The

""ideal" current is, from Eq. (14) of I,

I. =1 qu/kT - 1) s

I ol Yv( (13)

where Io is the saturation current for zero applied stress. Adding

I
the generation-recombination current to the ideal current for the

forward biased case where Eq. (7) applies, gives

I exp(qV/kT) + LS /;;.exp(qV/ZkT) . (14)

T " IoI Yv

In germanium, diodes II usually dominates I, while in siliconm,

T
Ir usually dominates IT for biases less than a few tenths of a volt.
From Eq. (14), one would expect the 'ideal" component of current to be
increased by stress by the factor /;;'more than is the generation-
recombination component.
Silicon mesa diodes have been fabricated and tested to determine
the effects of stress on the forward biased I-V characteristics. Diodes
were formed by diffusing a p-~type layer into an n~type substrate. The
p-type layer was then etched away except for circular dots which defined
the mesa diodes. The forward bias characteristics were dominated by
generation-recombination currents at voltages below a few tenths of a
volt and switched to '"ideal" currents at higher voltages. Tbe mesa diodes
were stressed by applying a known force through a steel post to the mesa.
Figure 1 shows a typical plot of the characteristics of a diode

formed on a 0.01 Q-cm, (110) oriented substrate. The diameter of the

mesa was 33 microns. The magnitudes of the applied forces are shown in
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the figure. The solid lines were calculated using Eq. (14) with Ior /;:
and IoI Y, chosen to give the best fit to the data. As shown in the
figure, Eq. (l4) gives a reasonable fit to the data. As predicted by
the model, stress causes a larger change in the ''ideal" current than it
does in the generation-recombination current. This is better illustrated
in Figure 2 where the experimental values of IoI Yy and Ior /;:'are
plotted as a function of applied force. As expected, the slope of the
generation-recombination current is one-half that of the 'ideal” current
when plotted as a function of force on semilog paper. Note also the
straight line in this type of plot. This shows that, in fact,

Y, = C1 exp C2 F/A. The constant C2 as determined from Figure 2

is larger than that predicted by theory. This probably results from
uneven stressing due to surface irregularities of the mesa.

Due to the physical construction of the present diodes (no junction
passivation), the surface contributions to the total current were dominant
in the reverse biased condition. Although stress did, in fact, induce
changes in the I-V characteristics for reverse biases, the characteristics
and the stress induced changes were non-reproducible from sample to sample.

Based on data obtained by Matukura10 on planar type silicon p-n
junctions operated in both the forward and reverse biased conditionm,
it appears that there is little if any change induced in the factor

|Et - Eil by stress.




Cl12

IV. DISCUSSION

The model presented here has assumed that there are no reversible
stress induced generation-recombination centers. At high dynamic stress
levels, one often finds that the effects are not completely reversible
whereas they are reversible for static loading. These hysteresis effects
are usually small and negligible. A more common effect is a permanent
or semi-permanent change in the I-V characteristics induced by extremely
large stresses (stresses near or above the fracture strength of the
semiconductor). These effects are attributable to stress induced
dislocations which result in new generation-recombination centers.

For example, we have observed that p-n junctions which exhibited "ideal"
current at a given forward bias exhibited generation-recombination
currents which were orders of magnitude larger than the 'ideal' current
after large stresses were applied and removed. The large streés induced
generation-recombination currents were affected by stress in the same
manner as any other ordinary generation-recombination currents. The
current at a constant bias and constant stress did decrease with time,
however, which indicates that the individual centers were annealing

with time.

In order to compare experimental data with the present theory
for generation-recombination currents and the theory presented in I for
"ideal" currents, care must be used to separate the two components.
Also, the contributions due to surface generation-recombination must

be removed since neither theory holds for the surface currents.
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Figure 1. Forward Biased I-V characteristics of a mesa diode sub-
jected to stress. (The applied force is shown.)
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Figure 2. Experimental values of I vy and I vy as a function
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of applied force for the characteristics shown in Fig. 1.




